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Abstract
John Michael Cesaratto: Resonant Proton Capture on 23Na and Elemental
Variations in Globular Cluster Stars.
(Under the direction of Dr. Arthur E. Champagne.)
Globular clusters represent some of the oldest stellar bodies in the universe. As such, they
are used as testing grounds for theories of stellar evolution and nucleosynthesis. Astronom-
ical observations have shown star-to-star abundance variation in light-mass elements in all
Galactic globular clusters. Standard stellar evolution models do not predict these variations.
For instance, there exists a pronounced anticorrelation between Na and O in the cluster stars
that is not observed in similar, isolated field stars. The current explanations for these obser-
vations are that a preexisting massive star could have polluted the interstellar medium where
a younger star was born, or that stars undergo some additional mixing beyond dredge-up.
Theoreticians rely on nuclear physics input in the form of thermonuclear reaction rates to
edit or propose new theories predicting these abundance anomalies.
The 23Na + p reaction is a bridge between the NeNa cycle and the MgAl cycle, but
large uncertainties exist in the 23Na(p, γ)24Mg reaction rate for burning temperatures rele-
vant to red giant branch and asymptotic giant branch stars. The uncertainties arise from
an expected, but unobserved resonance at Ecmr = 138 keV. A new high-intensity, low-energy
electron cyclotron resonance (ECR) ion source at the Laboratory for Experimental Nuclear
Astrophysics (LENA) has increased sensitivity for measuring this reaction. After many at-
tempts and long measurement periods, a marginal signal (90% confidence level) has been
observed from the resonance and a new strength has been established. This new strength
marks a factor of 70 reduction from the previous strength upper limit. The strength has
also been calculated as an upper limit at 95% confidence level. New reaction rates have been
calculated for the 23Na(p, γ)24Mg and 23Na(p, α)20Ne reactions and the recommended value
for the 23Na(p, γ)24Mg rate has been reduced by over an order of magnitude at T9 = 0.07.
This will have implications for the processing of material between the NeNa and MgAl cycles
iii
in stellar models.
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Preface
At the start of this project, I had a very basic understanding of nuclear astrophysics. In fact,
when I entered graduate school I had no idea that I was headed towards a thesis project in
nuclear astrophysics. I had been interested in nuclear physics, but never really entertained
the idea of astrophysics. However, that all changed once I started working at the Laboratory
for Experimental Nuclear Astrophysics, also known as LENA, and this sparked my interest in
nuclear astrophysics. Part of the appeal was that I could develop new instrumentation, then
use it to make an astrophysically significant measurement, and finally, employ the results of
the measurement to draw conclusions on the elemental evolution of a stellar site. The results
are not particularly practical in an everyday life sense, but this process practically acquired
me my next position working at Stanford University’s Stanford Linear Accelerator Center
(SLAC) and the Large Hadron Collider (LHC) at CERN.
I can categorize my time in graduate school (outside of my first year when I was taking
classes) working on three projects (some at the same time) for the common goal of executing
a single measurement. The first stage of that time was devoted to the design, development,
and construction of an accelerator, without which, the measurement would not have been
possible. This machine produces intense amounts of proton beam and to date, is unmatched
in experimental nuclear astrophysics. Although it can be a bit temperamental at times, (yes,
it does have a personality) it ran remarkably well for the hours and hours of data taking. I
will miss tinkering with it, just to see how much beam I could get out of it. The second stage
was devoted to targetry. If Thomas Edison failed a 1000 times developing the light bulb, I
gave him a run for his money with target making attempts. Countless hours were spent in
the basement of Phillips Hall just trying to get the ion implanter to work. And, when those
targets didn’t work, we resorted to evaporated targets, which, as Christian put it, are “a pain
in the neck.” But, they got us through. The third stage was performing the measurement. If I
said it was elegant, I would be lying. It was a nose to the grindstone, day-in/day-out, run the
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equipment until it quits, type of measurement. This was necessary to make the measurements
of this experiment. What did it take? Time, patience, perseverance, targets, many protons,
and a few neutrons.
As sad as it sounds, especially since it is on Duke’s campus, LENA was my second home.
I spent many hours there and took pride in what we could do. It is not much to look at, but
the capabilities are phenomenal. Over the years spent at LENA, I have assumed the role of
senior graduate student, making sure that anyone who wants to work there, knows the ins and
outs. I am proud to say I have been involved in most everything, from the accelerators, beam
line components, instrumentation controls, and software interface to the detection systems
and DAQ. And, one other important thing, lab maintenance. Since we do run things to their
breaking point, much of what we do is maintenance and repair. We rebuild the ion sources,
change the oil in pumps, decontaminate cryogenic pumps, etc. LENA is a place where I have
been able to get my hands dirty. It is truly a student owned and operated laboratory, that
takes a special person to be a part of.
I had always been interested in the world outside of our own. Yet, I never took an
astronomy course. In fact, I cannot say that I know anyone in this field who has actually
taken an astronomy course. That was something I needed to pick up in order to give meaning
to the measurements we make as nuclear physicists. For this, I appreciate the subject even
more. The work astronomers and astrophysicists do, along with nuclear physicists composes
the field of nuclear astrophysics.
This thesis is a record of nearly the last six years of a project. Not only would my advisors
like to see what has come of that time, but so would my family and friends. With that in
mind, I plan to write in a manner so that anyone can read and understand. As Albert Einstein
once said, “If you can’t explain it simply, you don’t understand it well enough.” Let’s hope I
can!
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1 Introduction
1.1 Astrophysical Motivation
Nuclear astrophysics deals with the nuclear processes that power stars and produce the ele-
ments that are observed in nature. Stars evolve because of changes in their chemical composi-
tion so nuclear astrophysics is also an ingredient in the study of stellar structure and evolution.
Nuclear physics provides the microscopic input to stellar models, which can be tested through
observations. The advances in observational astrophysics and astronomy technology have had
incredible impact on stellar evolution and structure, causing existing theories to be refined
and new theories to be proposed. Computing power and speed have facilitated development
of new stellar theories. Thus, demands are placed on nuclear physicists to provide precise
microscopic information. Three areas - astronomical observation, theoretical modeling, and
experimental nuclear physics - are necessary for progress in the field of nuclear astrophysics.
1.1.1 Stellar Evolution
The life stages of stars are described by a Hertzsprung-Russel diagram shown in Figure 1.1.
The vertical axis describes the brightness or luminosity of a star, while the horizontal axis
describes the color or surface temperature of the star (temperature increases toward the left).
Each point on the diagram represents a particular star. Most stars are clumped together
into groups, which correspond to particular life stages of the star. For instance, stars like
the Sun, undergoing hydrogen burning (H-burning) in their cores, are on the main sequence
(MS). A temperature of 0.015 billion K (or T9 = 0.015) in the core causes four protons to
fuse together to form helium (plus two positrons, e+, and two neutrinos, ν) releasing large
amounts of nuclear energy, summarized by
4H→ 4He + 2e+ + 2ν (Q = 26.7 MeV ). (1.1)
A star occupies the main sequence for roughly 90% of its lifetime, and the amount of time it
spends on the main sequence is dependent upon the star’s mass. More massive stars,M > M⊙
(M⊙ denotes the mass of the Sun), evolve off the main sequence faster than less massive stars
since they burn hydrogen at a higher temperature and at a faster rate in their cores.
Figure 1.1: Hertzsprung-Russel diagram for globular cluster, M3 [Cor01]. The horizontal and
vertical axes correspond to the B − V color index and absolute magnitude, respectively. The
life stages of a star are categorically grouped in several regions of the diagram: main sequence
(MS), main sequence turnoff (TO), red giant branch (RGB), horizontal branch (HB), and
asymptotic giant branch (AGB).
Once a star has nearly exhausted the hydrogen in its core, it turns off (TO) the main
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sequence and begins its ascent up the red giant branch (RGB). As a RGB star, H-burning
continues in a shell around the helium core. As the helium core contracts, the temperature
in the hydrogen shell increases, and the convective region around the hydrogen shell swells
to large proportions. These stars gain their red appearance as the envelope cools. Since
temperatures are elevated in the shell, hydrogen fuses to helium with the aid of higher mass
catalyst elements like carbon, nitrogen, and oxygen in the CNO cycle. The convective envelope
dredges processed material from the hydrogen burning shell to the stellar surface in a process
known as the first dredge-up.
As the temperature in the core continues to increase, helium burning (He-burning) in the
core ignites at T9 = 0.1. He-burning creates carbon, moving the star from the red giant branch
to the horizontal branch (HB). As helium is exhausted in the core, it contracts, moving the
star to the asymptotic-giant branch (AGB). Such AGB stars are characterized by a carbon-
oxygen core (or neon-oxygen core in more massive stars) surrounded by a helium shell, and
then by a hydrogen shell. At this point the star is nearly at the end of its life before producing
a nebula and ultimately a white dwarf.
The life cycles of a star are dictated by its mass. The details above describe the evolution
of a star with low to intermediate mass, similar to the Sun. More massive stars can have
many more burning stages since the temperatures are very high. The death of a massive star
is characterized by a supernova before collapsing as a neutron star or black hole.
1.1.2 Energy Production and Nucleosynthesis
Fusion of a proton (H+) with some other nucleus, say, 23Na, takes energy and a bit of luck.
As the H+ ion approaches the collection of positive charges in 23Na, at distances on the order
of 10−13 m, they repel each other. This repulsion is caused by the Coulomb potential barrier,
which is represented as
VC =
ZaZbe
2
R0
(1.2)
where Zi are the charges of the nuclei, e is the fundamental charge, 1.602 × 10−19 C, and
R0 is the nuclear interaction radius. The more like charges in close proximity to each other,
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the greater the repulsive force becomes. However, the nuclear strong force binds nuclei of like
charge together when they are within 10−15 m of each other. For such fusion to occur, the
proton must first overcome the Coulomb potential barrier, which can be orders of magnitude
greater than the thermal energy of particles in a stellar plasma. For example, the Coulomb
barrier of 23Na + p is 3.3 MeV, but at stellar temperatures of T9= 0.07, the correspond-
ing maximum thermal energy of particles is only 6 keV! Thus, protons must penetrate the
Coulomb barrier to fuse to 23Na. Classically, this is not possible and the proton would reflect
from the Coulomb barrier. In reality, quantum mechanical tunneling through the barrier
occurs and is essential for stellar burning to occur.
Depending on the initial mass of the star, one of two processes dominates stellar energy
production. As stated above, in stars like the Sun, the major energy production occurs by
fusing hydrogen into helium via the proton-proton chain. All of the reactions tend to fuse H
to make He, but as the temperature goes up (as in more massive stars), heavier catalysts are
used. As the reactions occur, the abundances of the heavy nuclei are altered, for example,
converting Ne to Na or Mg to Al. However, the reactions on lighter nuclei will process faster
and so the CNO reactions become the primary sources of energy production. On the other
hand, the abundances of the trace elements can carry very detailed information about the
internal conditions of the star because the rates are very sensitive to temperature.
Stellar modelers try to predict the elemental distribution each star will produce. Nuclear
astrophysicists provide the stellar modelers with charged particle fusion reaction rates so
they can accurately predict the elemental distributions created by burning processes in stars.
Large uncertainties exist in the thermonuclear reaction rates (see Chapter 2) provided to
stellar modelers because of unobserved or under-observed properties of the relevant fusion
reactions. This work studied one particular fusion reaction, 23Na + p, which is important in
advanced H-burning, and has reduced substantially the overall uncertainty in the quantities
needed by modelers. The following section describes stellar objects used as testing grounds for
stellar modelers. It will become apparent that knowledge of these environments is incomplete,
stemming from large uncertainties or incomplete information of the charged particle nuclear
reaction data.
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1.1.3 Abundance Anomalies of Light Mass Elements in Galactic Globular
Cluster Stars
Globular clusters (GCs) are collections of tens of thousands to several millions of stars bound
together gravitationally. These high density collections of stars span distances of a few hun-
dred light-years in diameter. Globular clusters are simple stellar populations, originating from
the same primordial matter, indicating they have similar age and chemical composition. Most
GCs reside in the Galactic halo, but a few are within the central bulge. These populations
consist generally of very metal poor stars, making these bodies more than 10 billion years old.
Over 150 globular clusters discovered in the Milky-Way galaxy have been used as a testing
ground for stellar evolution and nucleosynthesis. Figure 1.2 shows globular clusters M3 and
M13, as taken with Panchromatic Robotic Optical Monitoring and Polarimetry Telescopes
(PROMPT) at Cerro Tololo Inter-American Observatory (CTIO) in La Serena, Chile [Rei05].
The PROMPT array consists of six 0.41-m Ritchey-Chre´tien telescopes. These telescopes are
controlled by the Skynet Robotic Telescope Network at UNC. The images of M13 (M3) were
captured by the author on June 2, 2011, with open filters for 50 s (60 s) exposure time.
As some of the oldest Galactic objects in the universe, GCs place a lower limit on the age
of the universe. The stars represented in Figure 1.1, are of globular cluster M3 [Cor01]. Of
the ∼150 GCs discovered, all have shown star-to-star elemental variations of light elements
(C, N, O, Na, Mg, and Al) in surface compositions, which points to simultaneous operation
of CNO, NeNa, MgAl hydrogen burning cycles [Car08]. Very old isolated stars found in the
Galactic halo, called field stars, show some elemental abundance variations, but not to the
extent of GCs [Ven06]. These field stars are very old, metal poor, and are often compared to
stars of globular clusters since they have similar chemical composition and origin.
Correlations between particular elemental abundances are observed, although not nec-
essarily expected from star to star. For instance, there exists a pronounced anticorrelation
between oxygen and sodium among evolved red giant branch (RGB) stars [Kra97], and among
unevolved stars above and below the main sequence turnoff point [Gra01]. Typically, these
stars show an overabundance of oxygen and an underabundance of sodium with respect to
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Figure 1.2: Images of globular clusters M3 on left and M13 on right. The images were
captured by the author on June 2, 2011 with Panchromatic Robotic Optical Monitoring and
Polarimetry Telescopes (PROMPT) at Cerro Tololo Inter-American Observatory (CTIO) in
La Serena, Chile.
the iron abundance. However, many GC stars show an overabundance of sodium to an un-
derabundance of oxygen. All clusters show this, which is unlike field stars. Globular cluster,
M13, has the most extreme anticorrelation with stars showing [Na/Fe]:[O/Fe] abundances of
0.8:-1.0 [Kra04]. For an element, X, the notation [X/Fe] refers to
[X/Fe] = log10
(
NX
NFe
)
star
− log10
(
NX
NFe
)
Sun
(1.3)
where NX refers to the number of X atoms per unit volume. Another cluster, M3, contains
stars with abundance ratios of 0.5:-0.2 [Sne04]. The typical chemical composition of field
stars in the halo of the galaxy exhibits sodium underabundant as compared with oxygen,
0:0.3 [Sne04, Gra00]. Figure 1.3 displays a global data set of sodium abundance versus
oxygen abundance, each normalized to iron abundance for globular cluster and field stars
[Car08]. The empty circles represent the RGB and main sequence turnoff globular cluster
stars. The filled squares represent halo field stars. The boxed region contains stars of both
types, locating the region where there is an underabundance of sodium compared with over
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abundance of oxygen. Outside the box it is apparent that many globular cluster stars show
an overabundance of sodium compared with an underabundance of oxygen. There are very
few field stars showing the overabundance of sodium for an underabundance of oxygen, and
no field stars showing the extreme abundance ratios.
Figure 1.3: Plot of Na/Fe versus O/Fe abundances of Galactic globular cluster red giant/main
sequence turnoff stars (empty circles), and halo field stars (filled squares). For globular cluster
stars, a pronounced anticorrelation exists between Na and O, which is not apparent in halo
field stars. [Car08]
Similarly, there exists correlations/anticorrelations between the stable magnesium isotopes
and aluminum. Specifically, an anticorrelation exists between 24Mg and Al, no correlation
between 25Mg and Al, and a correlation between 26Mg and Al [Yon06], as shown in Figure 1.4.
The filled circles and crosses correspond to globular clusters M13 and NGC 6752, respectively.
The filled square and asterisk correspond to field stars Gmb 1830 and HD 141531, repectively.
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The constant 25Mg and correlation between 26Mg and Al are not predicted in stellar models.
At high enough temperatures (T9 = 0.07 K), proton capture on
24Mg can occur to produce
Al isotopes. This burning temperature occurs in intermediate mass asymptotic giant branch
(AGB) stars, typically 4 ≤M⊙ ≤ 6.
Figure 1.4: Isotopic Mg-Al abundances in globular cluster stars M13 (filled circles) and NGC
6752 (crosses) and 2 field stars, Gmb 1830 (filled square) and HD 141531 (asterisk). The plot
of 24Mg vs. Al shows a slight anticorrelation, 25Mg vs. Al no correlation, and 26Mg vs. Al a
correlation. [Yon06]
How could GC stars and field stars with similar age and metallicity produce such a contrast
in the abundances of light elements? Could the environments where these stars formed have
some influence on their make up? Could there be something not predicted in standard stellar
models, such as extra mixing or rotation in stars? These questions serve as the basis of two
arguments that try to explain these light mass elemental abundance anomalies.
8
Evolutionary scenario
The evolutionary scenario is one of the two major competing theories used to explain the
elemental abundance variations. The evolutionary scenario suggests some extra mixing mech-
anism in RGB stars, dredging material from deep within the star to the surface. Red giant
branch stars are proposed to undergo one major mixing stage, first dredge-up, where the
convective envelope penetrates the hydrogen burning shell and brings processed nuclear fuel
to the surface of the star. However, these stars do not burn hot enough for some of the
advanced proton capture cycles to occur. Subsequent mixing episodes have been proposed,
but still these theories have difficulties explaining observations [Gra04]. Also, mixing in RGB
stars does not explain why the Na-O anticorrelation is observed in main-sequence turnoff stars.
This theory has further been extended by proposing core rotation within a star, which would
drive meridional circulation between the H-burning shell and convective envelope [Swe79], but
is not part of classical theory. Does this indicate that the interstellar medium was contam-
inated by processed material from previous generation stars? This is the basis for a second
theory for globular cluster abundance anomalies.
Primordial scenario
The primordial or self-enrichment scenario suggests that the environment in which a star
was created was polluted by a preexisting star. Possible candidates for this theory are AGB
stars. The AGB stage occurs near the end of a star’s life. The core is composed of degener-
ate carbon-oxygen (or neon-oxygen), followed by a He-burning shell, a H-burning shell, and
convective envelope. These stars are extremely complicated and can go through convective
mixing stages initiated by thermal pulses from ignition of burning in the helium-shell. Such
pulses cause convection in the region between the helium and hydrogen shells, also known as
the intershell. As the thermal pulse ends, the convective envelope dredges material from the
intershell, bringing He-burning processed material to the stellar surface. This is known as the
third dredge-up (TDU). The hydrogen-burning and helium-burning shells alternate in activity
durning these pulses. For AGB stars of M ≥ 4M⊙, conditions can be such that hydrogen
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burning occurs in the CNO, NeNa, and MgAl cycles at the base of the convective envelope
[Izz07]. This is referred to as hot bottom burning, HBB. The convective envelope will bring
the reaction products to the stellar surface [Ven06]. Stellar winds can carry material from
the stellar surface and contaminate the interstellar medium where younger stars form.
1.1.4 Neon-Sodium (NeNa) and Magnesium-Aluminum (MgAl) Cycles
As astrophysicists debate which theory is correct, nuclear astrophysicists can try to provide as
much microscopic nuclear reaction information as possible for proposed burning environments.
The 23Na(p, γ)24Mg reaction becomes an active contributor to the nucleosynthesis of these
environments at elevated burning temperatures, which are reached in shell burning of RGB
stars and hot bottom burning in AGB stars. More importantly, the uncertainties of the
23Na(p, γ)24Mg reaction rate are large at hot bottom burning temperatures. Izzard et al.
specifically mention the 23Na(p, γ)24Mg reaction as a significant contributor to the overall
uncertainty of the Ne, Na, Mg, and Al yields in AGB star models [Izz07].
20Ne 21Ne 22Ne 
21Na 22Na 23Na 
24Mg 25Mg 26Mg 
27Al 26Al 25Al 
(p,!) 
(p,") 
(#+,$e) 
MgAl cycle 
NeNa cycle 
neutrons 
p
ro
to
n
s 
Figure 1.5: Section of the chart of the nuclides depicting the NeNa and MgAl cycles. The
isotopes with gray background are stable. Note that 23Na is the only stable isotope linking
the NeNa and MgAl cycles. The arrows indicate the reaction and decay channels.
Figure 1.5 shows a section of the chart of the nuclides, focusing on the NeNa and MgAl
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cycles. The only stable isotope linking the two cycles is 23Na. If a proton captures on 23Na it
will create 24Mg in an excited state, which will decay either by γ-ray or α-particle emission.
If the excited state decays via γ-ray emission (represented by (p, γ) in the legend), then 23Na
is destroyed and material is advanced to the MgAl cycle. If the excited state decays via
α-particle emission (represented by (p, α)), then 24Mg decays into as an α-particle and 20Ne,
and material is recycled back through the NeNa cycle.
1.1.5 Classical Novae - Explosive Hydrogen Burning
Just as the mass of a star dictates its lifespan, it also dictates its destiny after death. In the
nebula stage, stellar winds can carry much of the star’s mass away and the remnant core will
become a white dwarf. A classical nova is a binary system consisting of a white dwarf and
a nearby main sequence star. The white dwarf will accrete hydrogen from a companion star
through gravity. The accreted material will reach degenerate conditions during accretion,
causing an outburst as a result of a thermonuclear explosion at temperatures, T9 = 0.1
to 0.4. These explosions eject 10−4 to 10−5 M⊙ of material into the interstellar medium
[Jos04]. At these elevated temperatures, proton capture can occur on Ne, Na, Mg, and
Al. The reaction rates for these burning temperatures are relatively well understood for
23Na(p, γ)24Mg. However, near T9 = 0.1, uncertainties still exist in the reaction rate.
1.2 Focus
The goal of this thesis was to reduce the rate uncertainty of the 23Na(p, γ)24Mg reaction.
As will be shown in Chapter 2, the uncertainty in the rate is dominated by an unobserved,
but expected, low-energy resonance at Ecmr = 138 keV. A measurement of the E
cm
r = 138
keV resonance strength would dramatically reduce the uncertainty in the reaction rate for
temperatures 0.04 ≤ T9 ≤ 0.15. This temperature region is important for hydrogen burning
in RGB stars, classical novae, and especially AGB stars. The resulting new reaction rate
will then be used in stellar evolution model codes to test existing theories. The strategy is
straightforward, however, getting to the point of making the measurement was an incredibly
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difficult task to undertake.
The constant, relentless competitor in these measurements is the event rate from back-
ground sources, which can be environmental or cosmic-ray induced. The signal rates are
expected to be very low, so they can be easily hidden by background. Thus, an essential part
of this project was to boost the signal rate. This involved the design, construction, and com-
missioning of a brand-new electron cyclotron resonance (ECR) ion source and acceleration
system to produce more than 10 times the proton beam current than the existing accelerator
was capable of producing. With increased beam currents, there was also a concerted effort to
explore new options in targetry to produce robust, high-yield, and impurity-free targets.
As with any project, one learns as it progresses. The same was true for this project. As
measurements evolved the experimental variables of the project were better refined. Over
the next several chapters, each step of the project will be described in detail. In Chapter
2, thermonuclear reaction rate theory and previous studies of the 23Na + p reaction will be
described. Chapter 3 and 4 will describe the experimental setup including the accelerators
and γ-ray detection system, and the targets (and associated fabrication) used, respectively.
Chapter 5 will present the observations and results of the search for the Ecmr = 138 keV
resonance in 23Na(p, γ)24Mg reaction. Chapter 6 will provide the new 23Na(p, γ)24Mg and
23Na(p, α)20Ne thermonuclear reaction rates based on the measurement. Finally, Chapter 7
will conclude with a summary of this work and considerations for future measurement efforts.
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2 Nuclear Astrophysics Theory
The astrophysical formalism provided below follows from Nuclear Physics of Stars by C.
Iliadis [Ili07].
2.1 Reaction Rates
In a stellar environment, energy generation and nucleosynthesis is dictated by the thermonu-
clear reaction rate. The reaction rate is defined as the number of reactions occuring in a
stellar plasma per unit volume per unit time, which is represented as
r =
NaNb〈σv〉
(1 + δab)
(2.1)
where δab is the Kronecker delta symbol. The reaction rate is determined by three factors
of the particles involved: the ion number density, velocity distribution, and probability of
interaction. In Equation 2.1, Na and Nb are number densities of two nuclear species, an
incoming projectile and target nucleus. The two nuclear species in a stellar plasma have a
velocity distribution, φ(v), determined by the temperature of the plasma. The probability
of interaction, which is velocity dependent, is known as the cross section, expressed as σ(v).
The velocity distribution convoluted with the cross section is known as the reaction rate per
particle pair,
〈σv〉 =
∫ ∞
0
φ(v)vσ(v)dv. (2.2)
Assuming a thermal distribution of nondegenerate and nonrelativistic particles, the relative
velocities can be described by a Maxwell-Boltzmann distribution,
φ(v)dv =
( µ
2πkT
)3/2
e−µv
2/(2kT )4πv2dv (2.3)
φ(E)dE =
2√
π
(
1
kT
)3/2√
Ee−E/kTdE, (2.4)
where E = µv2/2 = kT and µ = MaMb/(Ma +Mb) is the reduced mass. Upon subsituting
the expression of φ(E)dE into Equation 2.2 the expression for the reaction rate per particle
pair becomes
〈σv〉 =
(
8
πµ
)1/2 1
(kT )3/2
∫ ∞
0
σ(E)Ee−
E
kT dE. (2.5)
The thermonuclear reaction rate, NA〈σv〉, at a given temperature can be expressed numeri-
cally as
NA〈σv〉 = 3.7318 × 10
10
T
3/2
9
√
Ma +Mb
MaMb
∫ ∞
0
σ(E)Ee−11.605E/T9dE (2.6)
where E is in units of MeV, T9 is temperature in GK, Mi are the relative atomic masses in
atomic mass units, u, and σ(E) is the cross section in barns (b). Here NA〈σv〉 has units of
cm3 mol−1 s−1.
2.1.1 Nonresonant Reaction Rates
A nonresonant contribution to reaction rates is typically expressed in terms of the astrophys-
ical S-factor, S(E). The S-factor removes the 1/E dependence and s-wave Coulomb barrier
transmission contribution to the cross section, so it contains primarily the nuclear contribu-
tions. Therefore, the energy dependence of the S-factor is greatly reduced as compared with
the cross section. The cross section can be written in terms of the S-factor as
σ(E) =
1
E
e−2piηS(E) (2.7)
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where e−2piη is the Gamow factor and η is the Sommerfeld parameter. The exponential term,
2πη, is numerically expressed as
2πη = 0.989534ZaZb
√
1
E
MaMb
Ma +Mb
(2.8)
where Zi are the charges of the interacting nuclei and E is in units of MeV.
Upon substitution of the expression for the cross section in terms of the S-factor (Equation
2.7) into Equation 2.5 and multiplying by Avogadro’s number, NA, the reaction rate becomes
NA〈σv〉 =
(
8
πµ
)1/2 NA
(kT )3/2
∫ ∞
0
S(E)e−2piηe−
E
kT dE. (2.9)
The term e−2piηe−
E
kT in the integrand, known as the Gamow peak, is the product of the s-wave
Coulomb barrier penetrability (Gamow factor) and the Maxwell-Boltzmann distribution of
particle kinetic energies. The Maxwell-Boltzmann distribution goes to zero at large energies
and the Gamow factor goes to zero at small energies. The product shows the energy range
where reactions are most likely to occur for a given temperature. Figure 2.1 shows the
Maxwell-Boltzmann, Gamow factor, and the Gamow peak for the 23Na(p, γ)24Mg reaction at
T9 = 0.08. The product of the two distributions peaks near E
cm
p = 110 keV. The maximum
value, E0, of the product is found by setting the derivative of the product with respect to
energy equal to zero, resulting in
E0 = 0.122
(
Z2aZ
2
b
MaMb
Ma +Mb
T 29
)1/3
(MeV). (2.10)
If the Gamow peak is approximated by a Gaussian distribution, the 1/e width, ∆, of the peak
is expressed as
∆ =
4√
3
√
E0kT = 0.2368
(
Z2aZ
2
b
MaMb
Ma +Mb
T 59
)1/6
(MeV). (2.11)
For the remaining part of the integrand in Equation 2.9, S(E) can be expanded into a
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Figure 2.1: The Maxwell-Boltzmann distribution, in red and s-wave Coulomb barrier trans-
mission probability distribution (Gamow factor), in blue, for the 23Na(p, γ)24Mg reaction at
T9 = 0.08. The product of these two functions is shown in black, depicting the Gamow peak
for the reaction and temperature. The Gamow peak maximum corresponds to the energy at
which most reactions happen.
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Taylor series at E = 0, since it is a slowly varying function with respect to energy,
S(E) ≈ S(0) + S′(0)E + 1
2
S′′(0)E2 (2.12)
where S′(0) and S′′(0) are the first and second derivatives of the S-factor with respect to
energy, respectively. The nonresonant reaction rate can be determined by using the analytical
relation
NA〈σv〉 =
(
4
3
)3/2
~
π
NA
µZaZbe2
Seffτ
2e−τ =
4.339 × 108
ZaZb
Ma +Mb
MaMb
Seffτ
2e−τ (2.13)
where τ is
τ =
3E0
(kT )
= 4.2487
(
Z2aZ
2
b
MaMb
Ma +Mb
1
T9
)1/3
(2.14)
and the effective S-factor, Seff is given by
Seff(E0) = S(0)
[
1 +
5
12τ
+
S′(0)
S(0)
(
E0 +
35
36
kT
)
+
1
2
S′′(0)
S(0)
(
E20 +
89
36
E0kT
)]
. (2.15)
Occasionally, the Taylor expansion for the S-factor will diverge at high energies and will not
accurately represent the data. A cutoff function,
fcutoff ≈ e−(T9/T9,cutoff)2 (2.16)
is multiplied to the expression for the nonresonant reaction rate to reduce the influence of the
nonresonant rate at high energies.
2.1.2 Resonant Reaction Rates
Narrow Resonances
A narrow resonance has partial widths (Γa, Γb) that are constant over the total resonance
width (Γ), where typically Γ < 1 – 3 keV. The total width is the sum of all partial widths,
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∑
i
Γi = Γ. A resonant cross section can be represented by the Breit-Wigner expression
σBW(E) =
(
λ2
4π
)
ω
ΓaΓb
(E − ER)2 + (Γ/2)2 (2.17)
where ω is
ω =
(2J + 1)
(2Ja + 1)(2Jb + 1)
(2.18)
and Ji are the spins of the target and projectile; J and ER are the spin and energy of the
resonance, respectively; Γi are the partial widths of the entrance and exit channels, Γ is the
total width, and λ is the de Broglie wavelength, given as
λ =
2π~√
2µE
. (2.19)
Upon substituting the Breit-Wigner cross section and de Broglie wavelength into Equation
2.5, and multiplying by NA, the reaction rate for a single resonance becomes
NA〈σv〉 = NA
√
2π~2
(µkT )3/2
ω
∫ ∞
0
ΓaΓb
(Er − E)2 + Γ2/4e
−E/kTdE. (2.20)
The Maxwell Boltzmann distribution and partial widths can be assumed as approximately
constant over the width of the resonance and thus can be pulled out of the integral,
NA〈σv〉 = NA
√
2π~2
(µkT )3/2
e−E/kTω
2ΓaΓb
Γ
∫ ∞
0
Γ/2
(Er − E)2 + Γ2/4dE. (2.21)
The integral simplifies to ∫ ∞
0
Γ/2
(Er − E)2 + Γ2/4dE = π (2.22)
and the reaction rate becomes
NA〈σv〉 = NA
(
2π
µkT
)3/2
~
2e−E/kTωγ, (2.23)
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where
ωγ = ω
ΓaΓb
Γ
(2.24)
is known as the resonance strength.
Broad Resonances
When the cross section varies with energy, as in the case of broad resonances, explicit energy
dependence of the partial widths, de Broglie wavelength, and Maxwell-Boltzmann distribution
of the reaction rate needs to be incorporated into the formalism. A couple of guidelines are
useful. A resonance is considered broad if, located within the Gamow peak, the resonance
width is large compared to the width of the Gamow peak, Γ ≫ ∆. In this case, the reaction
rate must be calculated by numerical integration via
NA〈σv〉 = NA
√
2π~2
(µkT )3/2
ω
∫ ∞
0
Γa(E)Γb(E +Q− Ef )
(Er − E)2 + Γ(E)2/4 e
−E/kTdE (2.25)
where Γb is the width of a specific transition of the exit particle. For more than one transition
possibility, the contributions add incoherently to the cross section. In addition, the energy
tails of the resonance need to be incorporated into the rate.
Many times a one level Breit-Wigner expression is used to calculate the S-factor based
on experimentally measured quantities, as in the case of resonances lying below partical
threshold, i.e., sub-threshold resonances. The particle partial width can be represented in
terms of the penetration factor, Pa(E), as
Γa(E) = Γa(Er)
Pa(E)
Pa(Er)
. (2.26)
The γ-ray partial width can be represented as
Γγ(E) = Γγ(Er +Q− Ef )
[
E +Q− Ef
Er +Q−Ef
]2L+1
, (2.27)
where L is the multipolarity of the emitted electromagnetic radiation. For a (p, γ) reaction,
using Equations 2.26 and 2.27 the Breit-Wigner equation becomes
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σBW(E) =
π~2ω
2µE
Γa(Er)
Pa(E)
Pa(Er)
Γγ(Er +Q− Ef )
[
E+Q−Ef
Er+Q−Ef
]2L+1
(Er −E)2 + Γ(E)2/4 . (2.28)
2.1.3 Total Reaction Rates
The total reaction rate can be calculated by taking the incoherent sum of all contributing
processes,
NA〈σv〉total = NA〈σv〉NRR +
∑
i
NA〈σv〉NRi +
∑
j
NA〈σv〉BRj +NA〈σv〉continuum (2.29)
where the terms represent the contributions from nonresonant (NRR), narrow resonance (NR),
broad resonance (BR) processes, and the continuum, respectively. Interferences between
resonances must be taken into account when the spin and parity, Jpi, of two states are the
same. However, if the total width of the two resonances possessing the same Jpi are sufficiently
narrow (Γ < 1 eV), interference effects can be usually neglected.
2.2 Effective Burning Temperature
As described in Sec. 2.1.1, the concept of the Gamow peak can be a useful tool for finding
the effective burning temperature of a nonresonant charged particle reaction. However, it can
also be useful for resonant reactions. If the particle partial width is much smaller than the
gamma partial width, Γp << Γγ , then Γγ ≈ Γ, and according to Equation 2.24 the resonance
strength becomes
ωγ ≈ ωΓp. (2.30)
The particle width is defined as
Γp = 2Ppγ
2
p = 2
~
2
µR2
Ppθ
2
p (2.31)
20
Table 2.1: Effective burning temperatures listed with the corresponding proton bombarding
energies for the 23Na(p, γ)24Mg reaction. E0 is calculated via Equation 2.10 and ∆ is cal-
culated via Equation 2.11. kT corresponds the maximum of the Maxwell-Boltzmann energy
distribution for the given temperature. The astrophysical sites are listed for the associated
temperatures.
T9 E0 ± ∆ (keV) kT (keV) Environment
0.02 44±10 1.7 
 RGB stars0.04 70±18 3.4
0.06 91±25 5.2 
 AGB stars0.08 110±32 6.9
0.10 128±38 8.6 

Classical Novae
0.12 145±45 10.3
0.20 204±68 17.2
0.30 267±96 25.8
0.40 324±122 34.4
where Pp is the penetration factor and γ
2
p is the reduced width containing information of the
nuclear interior. The energy dependence of Pp can be approximated by the Gamow factor,
e−2piη. By making these approximations, the expression of a narrow resonance reaction rate
becomes
NA〈σv〉 ∼
∫ ∞
0
EσBWe
−E/kTdE (2.32)
∼
∫ ∞
0
E
1
E
ΓpΓγ
(Er − E)2 + Γ2γ/4
e−E/kTdE (2.33)
∼
∫ ∞
0
Pp(E)Γγ
(Er − E)2 + Γ2γ/4
e−E/kTdE (2.34)
∼
∫ ∞
0
E
1
E
Γγ
(Er − E)2 + Γ2γ/4
e−2piηe−E/kTdE (2.35)
where e−2piηe−E/kT is the Gamow peak. Thus, if a reaction possesses a resonance within the
region of the Gamow peak, then that resonance may be a major contributor to the reaction
rate. A list of effective burning temperatures as calculated by Equations 2.10 and 2.11 for
23Na(p, γ)24Mg is given in Table 2.1. The associated stellar sites with burning temperatures
are also listed. As mentioned in Chapter 1, we would like to measure the Ecmr = 138 keV
resonance in 23Na(p, γ)24Mg. Figure 2.2 shows graphically the Gamow peaks for burning
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temperatures of T9 = 0.05, 0.1, 0.2. The Gamow peak for temperatures associated with
hydrogen burning in RGB stars, AGB stars, and classical novae overlap the Ecmr = 138 keV
resonance.
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Figure 2.2: The Gamow peak is plotted at several temperatures for the 23Na(p, γ)24Mg re-
action. Also plotted are measured resonances (filled squares) and corresponding strengths,
as well as the unobserved resonance at Ecmr = 138 keV (arrow) and its previous upper limit
resonance strength.
2.3 Abundance Evolution
The creation and destruction of nuclei in a stellar plasma is regulated by reaction rates. For a
reaction a+ b, the rate of change in the abundance of a from reaction with b can be expressed
as
22
(
dNa
dt
)
b
= −λb(a)Na = − Na
τb(a)
(2.36)
where Na is the number density, τb(a) is the mean lifetime of nuclear species a, and λ ≡ 1/τ
is the decay constant. Using the definition for the reaction rate, Equation 2.1, Equation 2.36
can be written as
(
dNa
dt
)
b
= −(1 + δab)rab = −(1 + δab)NaNb〈σv〉ab
(1 + δab)
= −NaNb〈σv〉ab. (2.37)
A useful measure for the abundance of a nuclear species is the mass fraction,
Xi ≡ NiMi
ρNA
, (2.38)
where ρ is the mass density. Using Equation 2.36, 2.37, and 2.38 the following relations are
obtained,
rab =
λb(a)Na
(1 + δab)
=
1
(1 + δab)
Na
τb(a)
(2.39)
τb(a) =
Na
(1 + δab)rab
=
1
Nb〈σv〉ab
=
(
ρ
Xb
Mb
NA〈σv〉ab
)−1
(2.40)
λb(a) =
1
τb(a)
= Nb〈σv〉ab = ρXb
Mb
NA〈σv〉ab. (2.41)
If multiple nuclear processes can take place, the abundance rate of change can be written as
dNi
dt
=

∑
j,k
NjNk〈σv〉jk→i +
∑
l
λβ,l→iNl +
∑
m
λγ,m→iNm


−
[∑
n
NnNi〈σv〉ni +
∑
o
λβ,i→oNi +
∑
p
λγ,i→pNi
]
. (2.42)
The terms of the first bracket consist of all processes that produce nucleus i, i.e., the first
three summations. The first term is the sum over all reactions creating nucleus i by reactions
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occurring between j and k. The second is the sum over all β-decays of nuclei l forming i.
The third is the sum over all photodisintegrations of nuclei m forming i. Likewise, the terms
in the second bracket consist of all processes that destroy nucleus i.
2.4 Properties of the 23Na(p, γ)24Mg Reaction
2.4.1 Energies
The 23Na(p, γ)24Mg reaction has a Q-value (proton separation energy, S(p)) ofQpγ = 11692.68
± 0.01 keV [Aud03]. States with excitation energies, Ex, and spins and parities, Jpi, near
proton threshold of the compound nucleus 24Mg are shown in Figure 2.3. Information of the
states are from References [End90, Hal04]. The corresponding proton bombarding energies
are shown on the left-hand side of the figure. Those energies labeled with dashed arrows
currently have resonance strengths with upper limit values. The filled bars on the right-
hand side indicate the Gamow windows for the listed burning temperatures. All energies are
represented in the center of mass frame. The state probed in this work has an excitation
energy, Ex = 11830.7 ± 1.5 keV [Hal04]. The bombarding energy for this reaction is defined
by the Q-value and excitation energy,
Ecmr = Ex −Qpγ . (2.43)
The resonance proton bombarding energy is Ecmr = 138.0 ± 1.5 keV in the center of mass
frame or Elabr = 144.0 ± 1.6 keV in the laboratory frame.
2.4.2 Spins and Parities
The ground states of 23Na and 24Mg have spin and parity Jpi = 3/2+ and 0+, respectively.
The proton has Jpi = 1/2+. Using angular momentum and parity coupling rules [Ili07], the
resulting conditions for the spin and parity of the states can be
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Figure 2.3: Energy level diagram of 24Mg. Information of states shown is provided from
References [End90, Hal04]. All energies (keV) are represented in the center of mass frame.
The Gamow windows are listed at the right for T9 = 0.05 and 0.1.
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~jp + ~j23Na + ~lp = ~j24Mg
1/2+ 3/2+ lp → j24Mg
and
πpπ23Na(−1)lp = π24Mg
(+1)(+1)(−1)lp = π24Mg
where lp represents the proton orbital angular momentum. The entrance channel spins, jp
and j23Na can couple to,
s = |jp − j23Na|, ..., jp + j23Na = |1/2 − 3/2|, ..., 1/2 + 3/2 = 1 or 2,
with the parity constraint, 1+ or 2+. The 11831 keV state in 24Mg has unknown spin and
parity. Depending on the proton orbital angular momentum transfer and entrance channel
spin, there are many possible resonance Jpi values as indicated by the expression,
|j24Mg − s| ≤ lp ≤ j24Mg + s. (2.44)
Table 2.2 shows the possible lp and J
pi
24Mg combinations for the
23Na(p, γ)24Mg reaction.
2.5 Previous Measurements of 23Na(p, γ)24Mg at Astrophysical
Energies
The 23Na(p, γ)24Mg reaction has been studied at astrophysical energies since the late 1950s.
As mentioned above, a goal for this thesis was to measure an unobserved but expected nar-
row resonance at Ecmr = 138 keV. Below 200 keV, Zyskind et al. [Zys81] measured the
23Na(p, α)20Ne resonance at Ecmr = 170 keV (Ex = 11862 keV) with a strength of ωγ =
26(7) µeV and determined for T9 ≤ 0.1 that the NeNa cycle was closed. The (p, γ) channel
strength is ∼104 times smaller than that of the (p, α) channel. Go¨rres et al. [Goe89] confirmed
the value for the Ecmr = 170 keV strength in (p, α), and measured a new resonance at E
cm
r =
217 keV (Ex = 11910 keV) in (p, α), with a strength of ωγ = 70(16) µeV. The (p, γ) channel
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Table 2.2: The possible combinations of proton orbital angular momentum, lp, and resonance
spin and parity, Jpi24Mg, for the
23Na(p, γ)24Mg reaction. Since Jpi24Mg is unknown for the 11831
keV state, there are many astrophysically significant possibilities for lp.
Jpip J
pi
23Na lp J
pi
24Mg
1/2+ 3/2+
0 1+
2+
1 0−
1−
2−
3−
2 0+
1+
2+
3+
4+
3 1−
2−
3−
4−
5−
strength for this resonance is ∼5000 times smaller than (p, α) and thus a negligible contrib-
utor to the rate. They were the first group to report on their attempt to measure the Ecmr
= 138 keV resonance directly. A signal was not observed so an upper limit to the resonance
strength was set, ωγpγ ≤ 5 µeV. They concluded that possible contributions from the Ecmr =
138 keV resonance to the (p, γ) rate could have significant implications on the ratio (p, α) to
(p, γ) for temperatures T9 ≤ 0.2. These findings were the basis for an indirect measurement
made in the late 1990s, on states near proton threshold [Hal04]. Below the Ecmr = 170 keV
resonance, there are four states in the 23Na + p system that correspond to resonances at Ecmr
= 5, 37, 138, and 167 keV. Other than the Ecmr = 138 keV resonance, the E
cm
r = 5 and 37
keV resonances are not significant contributors to the rate compared with direct capture. The
Ecmr = 167 keV resonance has high spin, J
pi = (6+,7−,8+), therefore making it astrophysically
insignificant.
27
2.5.1 Indirect Measurement
An indirect measurement of 23Na(p, γ)24Mg via (3He, d) spectroscopy was performed at TUNL
in the late 1990s [Hal04]. Deuterons and 3He were momentum analyzed by an Enge Split
Pole Spectrometer, and detected using a 42 cm long position sensitive avalanche counter.
Laboratory angles measured were θlab = 5
◦ to 22.5◦ in 2.5◦ steps and from 25◦ to 35◦ in
5◦ steps. In that experiment, targets consisted of NaBr evaporated on 20 µg/cm2 natC with
thickness 49 and 102 µg/cm2. A 20-MeV 3He2+ beam was accelerated by TUNL’s FN tandem
Van de Graaff, with currents on targets of 100 to 150 pnA. Targets were monitored by a ∆E−E
silicon telescope, mounted at 44.2◦ with respect to the direction of the beam.
A deuteron angular distribution was obtained for the state corresponding to the Ecmr =
138 keV resonance, which is shown at the bottom left (labeled as Ex = 11.832 MeV) of Figure
2.4. However, the Jpi of the state is not known, and the angular distribution did not lead
to a unique lp-transfer of the proton from corresponding distorted wave Born approximation
(DWBA) fits. For a given lp-transfer value, proton partial widths and, subsequently, the
associated resonance strengths with 68% confidence limit were determined, as shown in Table
2.3. The major conclusion of that work stated that if the state is formed by lp < 3 transfer,
then the strength could be directly measured via (p, γ). This paved the way for another
attempt at a direct measurement in the early 2000s [Row04b].
Table 2.3: Estimates of resonance strength, ωγ, ranges for different incident proton orbital
angular momenta, lp, for the E
cm
r = 138 keV resonance in
23Na(p, γ)24Mg. For lp < 3, this
resonance can be directly measured [Hal04].
lp ωγ (eV)
0 5.4 - 14×10−6
1 2.6 - 6.6×10−7
2 0.9 - 2.4×10−8
3 1.8 - 4.6×10−10
The Hale et al. [Hal04] work provided new rates for both the (p, γ) and (p, α) channels.
The rates for 0.03 ≤ T9 ≤ 0.2 were calculated. The uncertainty was dominated by the
unknown contribution from the Ecmr = 138 keV resonance, with an overall uncertainty factor
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Figure 2.4: Deuteron angular distributions for threshold states in 24Mg with distorted wave
Born approximation (DWBA) fits taken from Reference [Hal04]. For the Ecmr = 138 keV
resonance (labeled as Ex = 11.832 MeV), the data are insufficient to determine unambiguously
the orbital angular momentum of the transferred proton.
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of 75 × 103 at T9 = 0.07. The rate for the (p, α) channel was also uncertain because of the
Ecmr = 138 keV resonance, but to a lesser degree.
2.5.2 Direct Measurement
The most recent direct measurement of 23Na(p, γ)24Mg was performed at TUNL’s Laboratory
for Experimental Nuclear Astrophysics (LENA) in the early 2000s [Row04b]. Protons were
accelerated to target by a 1 MV JN Van de Graaff with beam currents of 50 µA. Targets
consisted of evaporated Na2WO4 on 0.5 mm thick tantalum sheets. Prompt γ-rays were
detected using a 135% HPGe detector (582 cm3) located at 0◦ with respect to the incident
beam direction, at a distance of 1.6 mm from the target. A secondary counter consisted of
a segmented NaI(Tl) annular detector with an outer diameter of 36 cm, an inner diameter
of 12 cm, and a length of 36 cm. The γ-ray spectra collected did not reveal a signal above
background. Thus, an upper limit on the resonance strength was set yielding ωγ ≤ 1.5 ×
10−7 eV, based on the counting statistics of their measurement, reducing the previous upper
limit by a factor of 33. Using Table 2.3 as a guideline, this measurement definitively ruled
out s-wave (lp = 0) transfer. It was concluded that increased amounts of beam current on
target would be necessary to boost the signal. Another suggestion was the use of implanted
targets, based on results of Reference [Seu87], stating that implanted targets are isotopically
pure, contain a pure thick layer of sodium when implanted into nickel, and are robust under
high beam loads.
2.5.3 The Existing 23Na + p Reaction Rates
23Na(p, γ)24Mg
The uncertainty in the 23Na(p, γ)24Mg reaction rate, as calculated via the formalism above
using a new Monte Carlo method [Lon10b] (see Chapter 6), is shown in Figure 2.5 [Ili10b].
The uncertainty of the rate shown here includes the results of References [Hal04, Row04b].
The plot compares the ratio of the high rate to the median rate (top line), and low rate to
the median rate (bottom line), signifying a 68% coverage probability. The rate is uncertain
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by a factor of 28 at T9 = 0.07 – 0.08, with substantial uncertainties in the range of T9 = 0.04
– 0.15. This temperature region is relevant for RGB stars, AGB stars, and classical novae.
Figure 2.6 shows the major contributions to the total 23Na(p, γ)24Mg reaction rate. It is clear
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Figure 2.5: The existing 23Na(p, γ)24Mg reaction rate uncertainty [Ili10b]. The uncertainty
bands correspond to a 68% coverage probability (see Chapter 6). The greatest uncertainty,
a factor of 28, occurs at T9 = 0.07 – 0.08 and is caused by the unobserved resonance at E
cm
r
= 138 keV.
from the figure that the major contributing process for the T9 = 0.04 – 0.15 temperature
region is the unobserved resonance at Ecmr = 138 keV.
23Na(p, α)20Ne
The uncertainty of the 23Na(p, α)20Ne reaction rate is shown in Figure 2.7. The uncertainty
is at maximum at low temperatures, and less than a factor of two for the entire temperature
range. Figure 2.8 shows the major contributing processes to the total 23Na(p, α)20Ne reaction
rate. The Ecmr = 138 keV resonance does not contribute significantly to the total reaction
rate.
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Figure 2.6: The individual processes dominating the 23Na(p, γ)24Mg reaction rate for astro-
physically relevant temperatures. For the temperature region T9 = 0.04 – 0.15, the reaction
rate is potentially dominated by the contribution from the Ecmr = 138 keV unobserved reso-
nance. Here the Ecmr = 138 keV resonance is treated as an upper limit.
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Figure 2.7: The existing 23Na(p, α)20Ne reaction rate uncertainty [Ili10b]. The uncertainty
bands correspond to a 68% coverage probability (see Chapter 6). The greatest uncertainty
occurs at low temperatures, which is dominated by a subthreshold resonance.
Current work
The current effort probes the temperature region where the 23Na(p, γ)24Mg reaction rate
uncertainty is greatest. The goal, of course, is to measure the unobserved resonance at Ecmr
= 138 keV. Otherwise, a reduced upper limit of the resonance strength will be determined.
A strength of ωγ ≤ 0.5 neV, this resonance becomes an insignificant contributor to the
23Na(p, γ)24Mg reaction rate. With beam currents in excess of 1000 µA, the sensitivity of
this experiment increases by a factor of 20 from previous measurements. Efforts to improve
the sensitivity are described in Chapters 3 and 4.
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Figure 2.8: The individual processes dominating the 23Na(p, α)20Ne reaction rate for as-
trophysically relevant temperatures. The Ecmr = 138 keV resonance does not significantly
contribute to the total reaction rate.
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3 Accelerators and Detectors
3.1 Laboratory for Experimental Nuclear Astrophysics
The experiments of the present work were completed at Triangle Universities Nuclear Labo-
ratory’s (TUNL) Laboratory for Experimental Nuclear Astrophysics (LENA). Funded by the
Department of Energy, LENA is devoted to making direct measurements of astrophysically
important charged-particle nuclear reactions. The laboratory houses two accelerators. An
electron cyclotron resonance (ECR) ion source sits on a 200 kV air-insulated platform and
produces high-intensity beams used to measure cross sections at energies below 200 keV. A
1 MV model JN Van de Graaff accelerator is used for measurements above 200 keV. Beams
from both accelerators are directed to a bending magnet used to transport the beams to a
single target station. A schematic view of LENA is shown in Figure 3.1.
3.1.1 1 MV Model JN Van de Graaff Accelerator
An upgraded High Voltage Engineering Corporation (HVEC) 1 MV model JN Van de Graaff
can produce H+ beams on target with energies between approximately 0.15 and 1 MeV.
The terminal of this machine has been modified to accommodate a high-output ion source
and associated RF power supply. Other modifications were made to improve stability and
control, including modification of the generating voltmeter and slit feedback circuitry. The
beam current attainable on target is ∼250 µA at a terminal voltage of 300 keV. The typical
energy resolution is 1 to 2 keV full width at half maximum (FWHM), which can be improved
if the output intensity of the ion source is reduced.
Absolute energy calibrations of the electrostatic accelerators are very important. The
bending magnet field is associated with the energy of beams produced by the JN Van de
ECR Ion Source 
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Target 
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Beam Stop 
Beam Profile 
Monitor 
Magnetic 
Quadrupole  
X-Y Steerer 
Figure 3.1: Laboratory for Experimental Nuclear Astrophysics. The laboratory is equipped
with two accelerators, a 200 kV ECR ion source accelerator and a 1 MV JN Van de Graaff
accelerator. Shown above are the essential beam tuning and monitoring instruments. Each
beam is directed to target by a dipole magnet.
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Table 3.1: List of reactions, energies, and widths used for energy calibration of the LENA
accelerators. All energies and widths listed are from Reference [Uhr85] unless noted otherwise.
Reaction Elabp (keV) Γ (eV)
18O(p, γ)19F 150.82±0.09a ≤300b
26Mg(p, γ)27Al 292.06±0.09 <37
338.4±0.1 <40
453.8±0.1 <81
27Al(p, γ)28Si 202.8±0.9c
326.97±0.05 <38
405.44±0.10 <42
aReference [Bec95].
bReference [Til95].
cReference [End90].
Graaff through the following [Ili07]
B =
k
q
√
2mc2E + E2 (3.1)
where mc2 and q are the rest mass and charge state of the ion, respectively. The calibration
constant, k, has been determined through the measurement of the resonance energies of well-
known reactions. Table 3.1 lists the measured reactions used for the JN Van de Graaff energy
calibration.
3.1.2 200 kV ECR Ion Source and Accelerator
Ion Source Design
The electron cyclotron resonance ion source and its beam acceleration system are relatively
new additions to the laboratory [Ces10]. At the start of this project, the previous system was
overhauled, and completely redesigned with the hope of developing a reliable, compact ion
source capable of producing milliampere hydrogen beams. Our starting point was a design
by Wills et al. [Wil99] at Chalk River Laboratory. The plasma discharge chamber is placed
on the axis of a surrounding solenoidal permanent magnet array, which produces the B =
87.5 mT magnetic field necessary for electron cyclotron resonance at a frequency of f = 2.45
GHz.
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The magnet consists of two independent sub-assemblies: an outer solenoidal array that
produces the axial magnetic mirror field for plasma confinement and an inner multipole array
for additional radial confinement. Before fabrication, the arrays were thoroughly modeled
using radia, a package developed at the European Synchrotron Radiation Facility (ESRF)
[Chu97], which runs in mathematica. As mentioned above, the overall magnetic field resem-
bles that used by Wills et al. [Wil99], but was modified to produce an axial mirror field, which
peaks twice above 90.0 mT within the plasma chamber. This modification was introduced
to try to improve both electron confinement and the ionization efficiency of the entering gas,
with the goal of producing high intensity beams of H+ and He++.
Figure 3.2 shows the complete magnetic geometry that was modeled in radia. The main,
outer solenoidal array has twelve magnetic bars aligned axially and spaced evenly in a cylinder
of inner diameter 120 mm. Each bar consists of two 25 mm × 25 mm × 50 mm neodymium
iron boron (NdFeB) magnets (remanent magnetic field of 1.42 to 1.47 T) and one 25 mm ×
25 mm × 50 mm piece of low-carbon steel sandwiched between them. The NdFeB magnets
are magnetized through the 25 mm × 25 mm face. Low-carbon steel rings (ID: 120 mm, OD:
190 mm, thickness: 5 mm) are placed at each end of the cylindrical array of magnetic bars
to shape the rise and fall of the axial field. The permanent magnets fit snugly into slots in a
cylindrical sleeve, which was fabricated using a 3-dimensional acrylonitrile butadiene styrene
(ABS) plastic printer. Additional plastic parts fully enclose the magnet array to isolate it
from the interior plasma chamber, which sits at high voltage.
The plasma chamber is made of two copper parts for ease of construction and maintenance.
The first surrounds a 60 mm diameter × 60 mm long cylindrical volume, which contains the
plasma. Its interior is completely lined with 2 mm of insulating boron nitride to reduce
electron loss and increase the ionization efficiency within the plasma. The second copper
part contains a cooling channel for chilled, deionized water and is machined to accept an
aperture electrode for ion extraction. The aperture is made of molybdenum, press fitted
into a copper disc. This disc is removable so that the aperture diameter can be changed. A
tapered waveguide provides the 2.45 GHz microwaves into the chamber through a 63.5 mm
diameter, 3 mm thick aluminum oxide end window, which is vacuum sealed to the copper with
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Figure 3.2: The magnetic geometry as modeled in radia. The outer array provides a
solenoidal field, where the NdFeB is indicated by green and steel is indicated by red. The
gray discs represent low carbon steel to shape the rise and fall of the solenoidal field. The
inner array provides a multipole (cusp) field without affecting the field on axis. Here, NdFeB
is represented by khaki and the steel ring in gray. Each piece of the geometry is segmented
(black lines) for calculation in radia. The axes are in units of mm.
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a Viton R© o-ring. The microwave system consists of a 500 W magnetron, three-stub tuner,
circulator, and dummy load where reflected power is absorbed and monitored. A waveguide
break electrically isolates the microwave system from the plasma chamber. During first tests
we observed nonuniform heating of the Al2O3 window, causing it to crack and vent the plasma
chamber to atmosphere. The interior side of this window was subsequently covered with a 2
mm thick disc of boron nitride to reduce thermal stress on the window.
The plasma aperture described above is the first of a three-electrode, ‘accel-decel’ beam
extraction system [Coo72, Wil00]. The second and third electrodes are each made of molyb-
denum and press fitted into a stainless steel disk, which mounts on the end of a stainless steel
tube. Each tube is mounted to a corresponding stainless ring on a precisely aligned, brazed
stainless steel-to-aluminum oxide extraction column ensuring collinearity of the electrodes.
The electrode spacing and aperture diameter are variable for diameter sizes between 3.5 and
5 mm. Typical voltages applied are +10 to 15 kV to the plasma chamber (plasma aper-
ture) and -0.3 to -2.5 kV to the second (accel) electrode. The third (decel) electrode is held
at ground potential. Immediately following the extraction column is a water-cooled copper
plate containing a variable (13 to 25 mm) diameter collimator (labeled as “collimator” in
Figure 3.3). Its function is to reduce any beam halo, and to transport only the least divergent
beam particles. The ion source and its essential components are shown in Figure 3.3.
The entire ECR ion source is installed on a high-voltage platform biased using a Glassman
+200 kV, 8 kW power supply. Combining this with an ECR plasma chamber voltage of +10
to 15 kV, the source can deliver H+ beams on target with energies between 50 keV and 215
keV. The beam is transported to ground through a 24-gap air-insulated acceleration column
designed to provide optimal transport for beams of 200 keV (manufactured by High Voltage
Engineering Corporation (HVEC)). The 200 kV platform potential is stepped down with
inter-electrode resistances of 10 MΩ. When energies lower than the maximum are required,
downstream gaps of the column are shorted to provide optimal beam focusing. For example,
for a 100 keV H+ beam, the voltage is stepped down over the first 12 gaps, which provides
the best transmission to target.
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Figure 3.3: The LENA ECR ion source. Microwave power of 2.45 GHz at 100 to 350 W
is input into a plasma chamber with low gas pressure to match the 0.0875 T necessary for
electron cyclotron resonance. The axial field is plotted with reference to the location of the
plasma chamber. The field peaks twice at ∼0.09 T and defines an ECR zone, which lies within
the plasma chamber. Positive-ion beam is extracted using an ‘accel - decel’ lens system, with
typical extraction potentials of 10 to 15 kV. Beam is collimated before acceleration.
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Beam Characterization
The quality of beam produced by the ECR accelerator was evaluated by measuring two
low-energy resonances. One of these resonances was the well-known Elabr = 150.82 ± 0.09
keV (Γ ≤ 0.3 keV) [Bec95] resonance in the 18O(p, γ)19F reaction (Qpγ = 7994.8 ± 0.6 keV
[Aud03]). The target was prepared by anodization of a 0.5 mm thick tantalum backing
in 18O-enriched water (enrichment to 99%). Before the tantalum was anodized with 18O
water, it was carefully cleaned by etching in a chemical bath and subsequently resistively
heated in vacuum (see Chapter 4). Such 18O targets have been found to have a well-defined
stoichiometry, Ta2O5 [Phi76]. The second resonance used was at E
lab
r = 202.8 ± 0.9 keV
[End90] in the 27Al(p, γ)28Si reaction (Qpγ = 11585.11 ± 0.12 keV [Aud03]). The target was
prepared by evaporation of Al2O3 onto a 0.5 mm thick tantalum sheet. Prompt γ-rays from
the reactions were detected using a large-volume (582 cm3) HPGe detector [Lon06, Car10],
placed at an angle of 0◦ with respect to the beam axis and a distance of 1.6 cm from the
target (see Section 3.2.1).
As a check of the voltages provided by the acceleration supplies and subsequently the
energy of the beam, excitation functions (i.e., γ-ray yield versus bombarding energy) for both
resonances were measured and fit to determine resonance energy and the corresponding energy
resolution. The fitting routine assumes a Gaussian profile for the beam energy and a uniform
target. The beam energy and energy resolution were determined from the maximum and
FWHM of the Gaussian distribution, respectively. The excitation functions from each reaction
are shown in Figure 3.4. The resonance energy measured for the 18O(p, γ)19F resonance
was Elabr = 150.6 ± 0.1 keV, with a corresponding energy resolution of 0.84 ± 0.07 keV.
The resonance energy in 27Al(p, γ)28Si was Elabr = 200.9 ± 0.1 keV with a corresponding
energy resolution (beam plus target) of 1.44 ± 0.17 keV. Thus, small corrections have been
made to normalize the power supply energies to the literature values. The measured energy
widths are a factor of 2.8 to 3.6 greater than what is expected from the ripple and stability
specifications of the power supplies (better than 0.1% and 0.01%, respectively, [Gla07] for
the 200 kV supply). However, we cannot rule out some contribution from contaminants or
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Figure 3.4: Excitation functions: (left) of the primary R→ 3908 keV transition for the Elabr
= 151 keV resonance in 18O(p, γ)19F and (right) of the secondary 1779 → 0 keV transition
for the Elabr = 203 keV resonance in
27Al(p, γ)28Si. The solid line represents a fit to the data
when beam energy resolution is considered.
non-uniformities in the targets.
3.1.3 Target Station
The beam enters the target chamber through a 63 cm long, 3.2 cm diameter liquid-nitrogen
cooled copper tube, which extends to within 2 cm of the target (as shown in Figure 3.5). The
primary purpose of the copper tube is to trap impurities that could be deposited onto the
target. The beam diameter may be further reduced as needed with copper collimator inserts
(6 mm to 25 mm diameter) within the copper tube. Beam current is minimized on this tube
by focusing with the second quadrupole magnet. At the exit of the tube is a ceramic break
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Figure 3.5: Schematic layout of the target station at LENA. It consists of collimator sets
to define the size and shape of the beam. Charge integration is maintained by suppressing
secondary electrons with a knife-edge Cu-ring biased at -300 V immediately before the target.
The Cu-tube is cooled to liquid nitrogen temperature to minimize contaminants migrating
onto the surface of the target. The target backing is directly water cooled by chilled deionized
water. Note: Figure is not to scale.
that holds a knife-edge copper ring. The copper ring is biased to -300 V to suppress the
emission of secondary electrons from the target and copper collimator. The rear side of the
target backing is directly cooled with chilled, deionized water.
3.2 The Detection System
The detection system used for this experiment consists of 22 individual detectors in the
form of one high purity germanium (HPGe) detector, 16 thallium activated sodium iodide
(NaI(Tl)) scintillating detectors, and five plastic scintillating paddles [Lon06]. Figure 3.6
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shows a schematic of the detection system. Starting from the inside of the detection system
and working outward, the primary counter is a 135% coaxial HPGe detector, 89.0 ± 0.5 mm
in diameter, and 91.6 ± 1.0 mm in length. It is centered axially on the beam line at 0◦ with
respect to the target chamber at a distance of 1.6 cm from the front of the target to the front
of the detector face. The secondary counter is an array of 16 NaI(Tl) scintillators optically
isolated and arranged as two annular halves of eight detectors each. The entire annulus has
dimensions 33.0 cm length, 35.7 cm outer diameter, and 11.8 cm inner diameter. The NaI(Tl)
annulus surrounds the target chamber with the target located in the center. Surrounding the
HPGe and NaI(Tl) detectors on all sides, except the bottom, are 25-mm thick lead (Pb)
sheets in the shape of a cube mounted to an aluminum structure to reduce environmental
room background. Finally, surrounding the cube on all sides, except the bottom, are 50-mm
thick plastic scintillating paddles, which operate as a veto for cosmic-ray induced muons.
To measure a (p, γ) reaction like the type probed in this work, prompt γ-rays emitted
from the decay of a compound nucleus created from the reaction must be detected. The total
experimental yield of a reaction can be calculated if the number of reactions induced, NR,
and the number of incident beam particles, Nb, are known by the expression
Y =
NR
Nb
=
N
NbBηW
(3.2)
where N is the number of detected γ-rays, B is the branching ratio for γ-emission, η is the
efficiency of the detector, and W is the angular correlation.
Typically, two types of detection efficiencies can be specified, depending on the function.
The first is known as the full-energy peak efficiency. As the name implies, this refers to the
efficiency of detecting the full energy of a γ-ray. It is calculated by taking the ratio of the
number of counts in a peak, Npeak, to the number of decays of a source, A,
ηp =
Npeak
A
. (3.3)
The total efficiency refers to the detector’s capability of detecting any fraction of the energy
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Figure 3.6: A Geant4 rendering of the detection system and target chamber configuration
used at LENA: in yellow, the HPGe detector; in green, the NaI(Tl) segments with photo-
multiplier tubes; in red, lead shielding; in black, scintillating paddles; in gray, the aluminum
support structure and table. The beam enters the target chamber from the right.
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deposited, and is calculated by taking the ratio of the total number of counts from threshold
to peak, Ntotal, to the number of decays of a source,
ηt =
Ntotal
A
. (3.4)
Efficiencies for the HPGe and NaI(Tl) detectors will be addressed in Sections 3.2.1 and 3.2.2,
respectively.
3.2.1 High-Purity Germanium Detector (HPGe)
Energy Resolution
Although the detection efficiency of HPGe detectors is low relative to NaI(Tl) detectors, they
have excellent energy resolution. The energy resolution of a detector is determined from the
ratio of the FWHM of a peak to its centroid (FWHM/centroid). Typically, 60Co is used
to determine the energy resolution of HPGe detectors. Figure 3.7 shows a 60Co spectrum
recorded with the HPGe detector for 17.6 h. The superior energy resolution is demonstrated
by the sharp peaks corresponding to the emitted γ-rays. The inset of the plot shows an
expanded view of the Eγ = 1173.228(3) keV and 1332.492(4) keV [Tul03] lines from
60Co. The
energy resolution of the HPGe detector remained constant over the course of the experiment
at ∆Eres(1332 keV) = 2.4 – 2.6 keV or 0.19%.
Efficiencies
The determination of absolute efficiencies of radiation detectors is extremely important for
counting experiments. Efficiency measurements of energies Eγ < 3 MeV for the HPGe detector
were made by using radioactive sources, 22Na, 54Mn, 56Co, 60Co, and 137Cs. Table 3.2 displays
the sources used along with the information on the half-life, energy, branching ratio, initial
activity, and corresponding date (birthday). For energies of Eγ > 3 MeV, the nuclear reactions
14N(p, γ)15O, 27Al(p, γ)28Si, and 23Na(p, γ)24Mg were measured. Monte Carlo calculations
with Geant4 were performed for the energy range of Eγ = 0.1 – 13 MeV.
When a high volume detector is placed in close geometry to a radioactive source, coincident
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Figure 3.7: A 60Co spectrum recorded with the HPGe detector for 17.6 h. The 60Co lines are
labeled, as well as the background lines 40K and 208Tl. The high energy line labeled by ‘P’ is
a pulser signal. The inset of the plot shows an expanded view of the 1173 keV and 1332 keV
lines of 60Co, displaying the superior energy resolution of the HPGe detector.
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Table 3.2: A listing of radioactive sources used for efficiency determination of the HPGe
detector. Information for the half-life, energy, and branching ratio are from Reference [Ili07].
Source Half-life γ-ray Energy Branching Ratio Initial Activity Birthday
(days) (keV) (%) (µC)
22Na 950.8(9) 1274.537(7) 99.935(15) 1.181 Mar. 1, 1985
54Mn 312.3(4) 834.838(5) 99.9758(24) 1.013 Feb. 1, 2007
56Co 77.31(19) 846.7638(19) 99.933(7) 1.041 Jul. 1, 2009
1037.8333(24) 14.13(5)
1175.0878(22) 2.239(11)
1238.2736(22) 66.07(19)
1360.196(4) 4.256(15)
1771.327(3) 15.49(5)
2015.176(5) 3.029(13)
2034.752(5) 7.771(27)
2598.438(4) 16.96(6)
3201.930(11) 3.13(9)
3253.402(5) 7.62(24)
3272.978(6) 1.78(6)
3451.119(4) 0.93(4)
60Co 1925.5(5) 1173.228(3) 99.857(22) 1.121 Nov. 1, 1998
1332.492(4) 99.983(6)
137Cs 1.102(6)×104 661.657(3) 85.1(2) 0.0908 Mar. 1, 1985
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summing of the γ-rays can occur if the source emits two or more γ-rays in a cascade for a single
disintegration. For a two γ-ray cascade, a higher energy peak will appear in the spectrum with
an energy that is equal to the sum of the full energy peaks of both photons, which is referred
to as summing-in. This means that there are more counts at higher energy, but fewer counts
in each individual full-energy peak (summing-out). Spectra must be corrected for summing
effects, which depends on the peak and total detection efficiencies, feeding fraction, branching
ratios, and angular correlation. A matrix-notation formalism was developed to calculate
coincident summing corrections [Sem90]. Richard Longland incorporated this formalism into
a set of codes (sum.c, sump.c sumb.c) to make the summing corrections. It is important
to note that these codes do not account for angular correlations between emitted γ-rays in a
cascade.
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Figure 3.8: Decay scheme of 60Co. Feeding from 60Co occurs 99.9% of the time to the 2506
keV state in 60Ni. That state decays by emitting two photons of energy 1173 keV and 1332
keV.
To remove the reliance on source activity for the efficiency measurements, a clever tech-
nique called the “sum-peak method” is used to obtain an absolute, normalized efficiency for
a detector [Kim03]. This method utilizes coincident summing in the HPGe detector in close
geometry to the source to calculate the efficiency without knowledge of the source activity.
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For a two-level decay, 2 → 1 → 0, the energy associated with γ20 can result from a single
transition from level 2 to 0, or if γ21 and γ10 are detected simultaneously. If the branch B20 is
nearly zero, and B21 and B10 are nearly 1, then the appearance of γ20 in a measured spectrum
is caused by summing-in. This is precisely the case for the decay of 60Co. Figure 3.8 shows a
diagram of the 60Co decay scheme. Nearly 100% of the time, 60Co emits exactly two γ-rays
for each decay. Referring back to Figure 3.7, coincident summing is apparent in the spectrum
with a peak at Eγ = 2505.7 keV, which results from summing of the 1173.2 keV and 1332.5
keV photons.
The number of counts in a spectrum for the two full-energy peaks, N21 and N10, the sum
peak, N20, and the total number of counts, Nt, are written as
N21 = Nη
p
21
[
1−W (θ)ηt10
]
(3.5)
N10 = Nη
p
10
[
1−W (θ)ηt21
]
(3.6)
N20 = Nη
p
21η
p
10W (θ) (3.7)
Nt = N
[
ηt21 + η
t
10 − ηt21ηt10W (θ)
]
(3.8)
where W (θ) is the angular correlation between photon γ10 and γ21 with θ the angle between
the two emitted photons.
In the case of 60Co, ηt ≈ (ηt21 + ηt10)/2 since the energies of the emitted γ-rays are very
similar. Using this approximation, the four equations above can be written as
N =
(
N21N10
N20
+Nt
)
W (θ) (3.9)
ηp21 =
1
W (θ)
√
N21N220
N10N20Nt +N21N210
(3.10)
ηp10 =
1
W (θ)
√
N10N220
N21N20Nt +N10N221
(3.11)
ηt =
1
W (θ)
− 1
W (θ)
√
N21N20
N20Nt +N21N10
. (3.12)
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The angular correlation between the 1332 keV and 1173 keV photons emitted in a 60Co decay
is described by
W (θ) = 1 +
5
49
Q102 Q
21
2 P2(cosθ) +
4
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Q104 Q
21
4 P4(cosθ) (3.13)
where Pi(cosθ) is the Legendre polynomial, and Q
yz
i is the solid angle attenuation factor for
photon γyz. Solid angle attenuation factors or, Q-coefficients, are dependent on the detector
geometry and material. For a thorough discussion on the calculation of Qyzi , see References
[Kim03, Lon06]. A post-processing technique employing Monte Carlo results from Geant4
was used to calculate the solid angle attenuation factors [Lon10a] via
Qk =
1
N
N∑
i=0
Pk(cosθi) (3.14)
where N is the number of full-energy peak events, Pk is the k
th order Legendre polynomial,
and θ is the initial angle of emission of the ith photon with respect to the source. Since the
HPGe detector is located very close to the source, and since peak and total Q-coefficients are
approximately equal at short distances, peak Q-coefficents were calculated. For the HPGe
detector placed at 0◦ to the direction of the beam, the calculated values for the Q-coefficients
of γ-ray energies of 1173 keV and 1332 keV are shown in Table 3.3. The angular correlation
for 60Co in the actual experimental HPGe detector geometry was W (θ) = 1.0297.
Table 3.3: A listing of γ-ray solid angle attenuation factors (Q-coefficients) for the LENA
HPGe detector located at 0◦ to the direction of the beam and 1.6 cm from the target.
1173 (keV) 1332 (keV)
Q1 0.821 0.823
Q2 0.538 0.543
Q3 0.256 0.262
Q4 0.058 0.064
Since the 60Co source has finite volume as compared with a beam spot on target, a
further correction of the 60Co data is necessary. Using Geant4, Monte Carlo simulations
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were performed comparing the difference in peak and total efficiencies for a radioactive source
geometry and for a beam spot geometry. The radioactive source geometry has cylindrical
volume dimensions of 5 mm diameter and 3.18 mm length, and a typical beam spot geometry
on target has circular area dimensions of 10 mm diameter. Taking a ratio of the efficiencies for
each geometry (beam spot / radioactive source) yielded a 7.3% increase in the peak efficiency
and an 8.3 % increase in the total efficiency at Eγ = 1332 keV. The
60Co efficiencies are
scaled to the beam spot geometry and the resulting sum-peak method efficiencies for the
HPGe detector are
ηp21(1173) = 0.042543(133) (3.15)
ηp10(1332) = 0.039614(123) (3.16)
ηt(1253) = 0.193609(464). (3.17)
Data from radioactive sources and reactions that emit more than one γ-ray are sum-
corrected and are fit using the analytical function [Deb88]
ln[η(E )] = a + bln(E ) + cln(E )2 . (3.18)
The fit to the 14N(p, γ)15O data is normalized over the overlapping energy range to the 60Co
sum-peak method results. The resulting set of normalized data is used to normalize the 56Co
data over their energy range. The reaction data are normalized in a similar manner. Finally,
all corrected data are used to normalize the Geant4 simulation. To find efficiencies between
the data points, a cubic spline interpolation is used with the Geant4 normalized simulation.
The full-energy peak efficiency curve for the HPGe detector in the energy range of Eγ = 100
– 13000 keV is shown in Figure 3.9.
Energy Calibrations
Energies from the natural background radiation sources, 40K (Eγ = 1460.822(6) keV [Cam04])
and 208Tl (Eγ = 2614.511(10) keV [Mar07]) were used to calibrate the HPGe spectrum. Since
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Figure 3.9: Full-energy peak efficiencies for the HPGe detector. All source and reaction data,
and the Geant4 simulation, have been normalized to the 60Co data, determined by the
sum-peak method.
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most analog-to-digital converters (ADCs) (see Section 3.2.5), are highly linear with respect
to channel, a linear least-squares fit of γ-ray energies with respect to channel was performed
to obtain a calibration curve. For the two γ-rays above, the linear calibration has the simple
form
Ei = mCi + b =
E2 −E1
C2 −C1 (Ci − C1) +E1 (3.19)
where E1 = 1460.822 keV and E2 = 2614.511 keV, and Cn and En are the channel centroids
and energies, respectively, of the peaks in the spectrum. In this study, we observed deviations
at high energies from the linear calibration using only the two low energy natural background
lines, 40K and 208Tl. Thus, a third high energy calibration point was added to the linear fit.
Since there are no high-energy radioactive sources, radiation from a reaction must be used.
The following formalism presents an explanation for the inclusion of a third, high energy point
to the linear energy calibration.
For a reaction of the form a + A → B + γ, the energy of the γ-ray can be calculated
utilizing conservation of energy and linear momentum,
mac
2 + Ea +mAc
2 = mBc
2 +Eγ (3.20)√
2maEa =
√
2mBEBcos(φ) +
Eγ
c
cos(θ) (3.21)
0 =
√
2mBEBsin(φ)− Eγ
c
sin(θ) (3.22)
where φ is the nuclear recoil angle and θ is the γ-ray emission angle, both measured with
respect to the incident beam direction. By eliminating EB and φ, this system of equations
can be solved for Eγ ,
Eγ =
[
(ma +mA −mB)c2
]
+
mA
mB
Ea + Eγ
vB
c
cos(θ)− E
2
γ
2mBc2
. (3.23)
The first term in brackets corresponds to the Q-value of the reaction, the second is the
bombarding energy of the projectile in the center of mass frame, the third is the Doppler
shift, which occurs when the γ-ray is emitted while the compound nucleus is recoiling, and
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the forth is the recoil shift. The Doppler and recoil shifts are expressed numerically in units
of MeV by
∆EDoppler = 4.63367 × 10−2
√
MaEa
MB
Eγcos(θ) (3.24)
∆Erecoil = 5.36772 × 10−4
E2γ
MB
. (3.25)
The resonance at Elabr = 512 keV in
23Na(p, γ)24Mg emits a Eγ = 12183.2 keV γ-ray
from the ground state (Ex → 0) transition. Assuming this γ-ray is fully Doppler shifted, the
resulting energy would appear as 12197.0 keV. This value and the associated peak centroid
channel were included in a least squares linear fit for the calibration. The energy calibrations
of the HPGe detector for each data set of this experiment were E = −290.527 + 3.772 × C
(data set 1) and E = −376.655 + 3.485 × C (data set 2), where E and C are energy and
channel, respectively. Figure 3.10 shows a spectrum of the Elabp = 512 keV resonance (top)
and a spectrum of the Elabp = 309 keV resonance (bottom) of
23Na(p, γ)24Mg with the energy
calibration.
3.2.2 NaI(Tl) Annulus
Since the NaI(Tl) detector does not have superior energy resolution, but has better relative
efficiency than the HPGe detector, it was used as a coincidence counter in this experiment.
Its purpose was to detect some fraction of the decay energy associated with the deexcitation
of an excited state at the same time as the full energy of a characteristic transition (i.e.,
1 → 0) in the HPGe detector. Therefore, total efficiencies for a given energy range, not
peak efficiencies, were necessary for the NaI(Tl) detector. For this, Geant4 was employed to
provide a Monte Carlo calculation of the total efficiency of the NaI(Tl) detector. As will be
discussed below in Section 3.2.3, an energy cut was placed on the coincidence system to reject
events that were primarily caused by environmental background. The gated total efficiency
of the NaI(Tl) detector, which depends on the energy cut is shown in Figure 3.11.
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Figure 3.10: Energy calibrated spectra for the Elabr = 512 keV (top) and 309 keV (bottom)
resonances of 23Na(p, γ)24Mg. A third high energy point with Doppler and recoil shift correc-
tions was included in the linear calibration. The inset of each spectrum shows an expanded
view of the ground state (Ex → 0) transition for each resonance.
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Figure 3.11: Gated total efficiency for the NaI(Tl) annulus calculated using Geant4. Each
curve represents the total efficiency for a specific energy cut in the NaI(Tl) annulus. The
more restrictive the energy cut, the less efficient the detector becomes.
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3.2.3 γγ-Coincidence Technique
Since the background rate is often greater than the signal rate in experiments performed at
LENA, it is important to reduce environmental backgrounds whenever possible. To aid in
this reduction, γγ-coincidences were employed between the HPGe and NaI(Tl) detectors. If
two or more γ-rays were detected, one in the HPGe and one or more γ-rays in segments of the
NaI(Tl) annulus within the resolving time of the detection system (a few nanoseconds), that
event was accepted. Since the Q-value of 23Na(p, γ)24Mg is high, it is likely that the decay of
an excited state will give rise to a cascade of γ-rays to the ground state of 24Mg. To investigate
this, 64 states in 24Mg were analyzed by calculating the net branching ratio for each state
through the first excited state, 1→ 0. Figure 3.12 displays the results of the analysis. States
labeled by red triangles decay directly to the ground state with greater than 47% probability.
For states labeled by blue squares, only 29% or less of the decay pattern is known. The black
circles correspond to all other states, and their mean branching decay strength through the
first excited state is 87%, with a standard deviation of 13% and a minimum value of 56%.
Thus, many states in 24Mg decay through the first excited state with substantial probability,
emitting at least two γ-rays and that the Ex = 11831 keV state should decay in a similar way.
The branching ratio data used for these calculations are from References [End90, Boy75].
Since the environmental background 208Tl decays via a two γ-ray cascade, energy cuts
need to be chosen carefully to reduce backgrounds. The Q-value for the β−-decay of 208Tl is
Qβ = 4999.0(17) keV [Mar07]. The energy cut referred to in Section 3.2.2, was used to reduce
coincident environmental background by making a Q-value cut on the total energy deposited
in the HPGe and NaI(Tl) detectors. If a Q-value cut of 5 MeV is placed on the sum of the
deposited energy in both detectors, ENaI + EGe, then 208Tl events are eliminated from the
background. In practice, one can reduce the low-energy cutoff to lower levels by examining
the decay scheme. For example, ENaI + EGe > 4 MeV is sufficient to completely eliminate
the 2614.5 keV peak from the coincidence spectrum since a β-particle of at least 1.3 MeV is
emitted. A typical low energy bound of the Q-value cut is ENaI + EGe > 3 – 5 MeV. The
upper bound of the Q-value cut should be at the Q-value plus bombarding energy for the
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Figure 3.12: Decay probability of 64 states in 24Mg through the first excited state, 1369→ 0.
States labeled by red triangles decay directly to the ground state with greater than 47%
probability. For states labeled by blue squares, only 29% or less of the decay pattern is
known. The black circles correspond to all other states, and their mean branching decay
strength through the first excited state is 87%, with a standard deviation of 13% and a
minimum value of 56%. Thus, many states in 24Mg decay through the first excited state with
substantial probability, by emitting at least two γ-rays.
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reaction studied, in this case, ENaI + EGe < 12 MeV.
To illustrate this technique further, suppose a capture reaction populates an 11.5 MeV
state and this state decays through a 1.5 MeV state, so a 10 MeV primary γ-ray is observed
in the NaI(Tl) annulus and the 1.5 MeV secondary γ-ray is detected by the HPGe detector.
Figure 3.13 graphically illustrates this two γ-ray decay. Events corresponding to the full-
energy peaks of both photons are represented by the small dark oval. Compton-scattered
γ-rays are denoted by the lines that trail off to lower energies in each detector. Accepting only
events corresponding to full-energy deposition in both detectors (dark oval) would drastically
reduce the detection efficiency compared to that of a single detector. However, much of
this lost efficiency can be recovered by accepting coincidences between all events (photopeak,
Compton, and pair production) in both detectors. Although the full-energy peak in the HPGe
detector is still used to identify the transition of interest, the coincidence requirement includes
any interaction in the NaI(Tl) annulus within the allowed energy window. The diagonal lines
in Figure 3.13 represent the allowed energy deposition in both detectors. Events are excluded
above the line at (EGe + ENaI > 12 MeV), since the reaction in question has a maximum
energy of 11.5 MeV. Events in this region originate from cosmic-ray induced muons. Similarly,
events are excluded for EGe+ENaI < 3.5 MeV. This lower cut on the total energy drastically
reduces room background. The coincidence energy region is referred to as the energy gate
and is specified as, e.g., 3.5 < EGe + ENaI < 12 MeV.
Efficiencies
To determine the actual number of reactions produced in the target from the yields in the
coincidence spectrum, the overall efficiency for both detectors must be calculated. From
Equation 3.2, the number of reactions, NR, is dependent upon the branching ratio, B, the
peak efficiency, ηp, and angular correlation, W . With two detectors, these are described by the
function fγ(B, η,W ). To simplify matters, assume W = 1. Referring to Figure 3.13, assume
that γ10 is detected by the HPGe detector and γ21 is detected by the NaI(Tl) detector.
For a two γ-ray cascade, 2 → 1 → 0, the number of detected γ-rays in the HPGe coinci-
dence spectrum, NC10 is
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Figure 3.13: The γγ - coincidence technique used at LENA. The left panel of the figure rep-
resents the situation where two coincident γ-rays are detected, γ10 by the HPGe detector and
γ21 by the NaI(Tl) detector. Accepting only the full-energy events (small dark oval) would
drastically reduce detection efficiency. Less restrictive gates are employed to allow for Comp-
ton scattering and pair-production. Since environmental background rates are high below 3
MeV and produce events above the Q-value plus proton bombarding energy, events with a
total energy of 3.5 < EGe + ENaI < 12 MeV are accepted. This method effectively reduces
environmental backgrounds from the radium and thorium chains as well as background caused
by cosmic ray induced muons.
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NC10 = NB10B21η
Ge,P
10
[
1−
(
1− ηNaI,T21
)]
(3.26)
where ηGe,P10 is the peak efficiency for detecting the 1 → 0 transition γ-ray in the HPGe
detector, ηNaI,T21 is the total efficiency for detecting the 2 → 1 transition γ-ray in the NaI(Tl)
detector, and B10B21 is the probability that the reaction decays by the cascade 2 → 1 → 0.
For a three γ-ray decay, 3 → 2 → 1 → 0, the situation is similar,
NC10 = NB32B21B10η
Ge,P
10
[
1−
(
1− ηNaI,T32
)(
1− ηNaI,T21
)]
. (3.27)
The form can be generalized for many cascades k containing the transition i→ j as
NCij = Nη
Ge,P
ij
∑
k



∏
i′>j′
Bi′,j′,k



1− ∏
i′>j′,i 6=j
(
1− ηNaI,Ti′,j′,k
)

 (3.28)
The summation term can be represented as fγ(β, η,W = 1), or more simply as fγ [Ili07]. If
the branching of the decay scheme is known for a cascade, then it is possible to couple the
branching ratios with the total efficiency of the NaI(Tl) detector to determine an absolute
coincidence efficiency.
If the decay scheme of a cascade is not known, this expression can still be useful. For
instance, suppose an attempt was made to measure a resonance; however, no information
exists on the decay of the corresponding state in the compound nucleus. By examining the
decay of all other states in the compound nucleus and performing the calculation of fγ for
these states, one can make an estimate of the coincidence efficiency.
The above formalism was incorporated into a code, fgamma, written in C++. Branching
ratios of 64 levels in 24Mg were included into the code with NaI(Tl) total efficiencies for
different energy gates to calculate fγ for each level. Figure 3.14 shows the results of the
calculations for different NaI(Tl) energy gates of lower bounds EGe + ENaI > 3, 3.5, 4, 4.5,
5, and 5.5 MeV. All gates have an upper bound of EGe + ENaI <12 MeV. As in Figure 3.12,
the red triangles correspond to states with greater than 47% primary branch to the ground
state and the blue squares are states with less than 29% of the total branching known. The
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black dashed line is added simply to guide the eye. Of the states labeled with black circles
above 9 MeV, the mean, standard deviation, and minimum values are listed in Table 3.4 for
different energy gates.
To illustrate the effect of more restrictive energy gates, consider the Ex = 11860 keV state
in 24Mg. This is a high spin state, Jpi = (6+,7−,8+), near the energy of the state of interest
in this work at Ex = 11831 keV. The 11860 keV state has a very simple decay scheme, each
step with 100% branching, 11860 → 8113 → 4123 → 1369 → 0 keV. The maximum energy
from a single transition of this state is Eγ = 3990 keV. Thus, with an energy window of 5.5
< EGe + ENaI < 12 MeV, fγ is zero since the minimum amount of total energy detected is
less then 5.5 MeV (3990 + 1369 MeV). Note that at 5 < EGe + ENaI < 12 MeV the state
still has a non-zero value for fγ . (Note that the effect of summing not considered in the
formalism. This is a small effect, which occurs when employing a gated total efficiency.) As
the energy becomes more restrictive, the efficiency decreases, as indicated by the fγ mean
values decreasing for more restrictive energy windows.
Table 3.4: Mean, standard deviation, and minimum fγ values of states (above 9 MeV) in
24Mg for detecting a Eγ = 1369 keV γ-ray in the HPGe detector. Several coincidence energy
windows were chosen for the calculations.
Coincidence gate (MeV) Mean Standard Deviation Minimum
3 < EGe + ENaI < 12 0.517 0.097 0.322
3.5 < EGe + ENaI < 12 0.485 0.087 0.307
4 < EGe + ENaI < 12 0.442 0.071 0.293
4.5 < EGe + ENaI < 12 0.412 0.064 0.279
5 < EGe + ENaI < 12 0.379 0.066 0.258
5.5 < EGe + ENaI < 12 0.348 0.091 0.0
3.2.4 Scintillating Veto Paddles
The HPGe and NaI(Tl) annulus is surrounded on 5 sides by 25-mm thick lead sheets and
50-mm thick plastic scintillating paddles. The lead sheets are used as passive shielding of
low-energy environmental background. The paddles are used to veto high energy events
corresponding to cosmic-ray induced muon showers. If a high energy particle traverses a
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Figure 3.14: The fγ calculations for states in
24Mg. For these calculations, the 1 → 0
transition is assumed to be detected in the Ge detector. Each plot corresponds to a calculation
with a different lower bound on the Q-value cut, i.e, EGe+ENaI > 3, 3.5, 4, 4.5, 5, 5.5 MeV.
All windows have an upper bound of EGe + ENaI <12 MeV.
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paddle and HPGe detector, the count in the HPGe is rejected.
3.2.5 Electronics
The detection system has a total of 22 energy signals that must be processed. In addition,
since coincidence/anticoincidence techniques were used, timing signals were also required.
The signal processing modules used were a combination of Nuclear Instrumentation Modules
(NIM) and VME-bus modules. The signal from the HPGe detector was preamplified at the
detector. The preamplified signal was processed by a spectroscopy amplifier and a timing
filter amplifier (TFA). From the spectroscopy amplifier, the energy signal was shaped with 6
µs shaping time and gain adjusted, then fed into an analog-to-digital converter (ADC). The
timing signal was shaped with 50 ns differentiation time and 50 ns integration time. It was
discriminated by a constant fraction discriminator (CFD) with threshold level adjusted for
an energy of 200 keV. From the CFD, it was converted into the master gate for the ADC by
a gate and delay generator. The gate width was 20 – 25 µs. A pulse signal was injected into
the HPGe detector preamp at 1 Hz to monitor deadtime. With no radioactive sources except
room background, the event rate in the Ge spectrum was ∼30 Hz.
The 16 signals from the NaI(Tl) photomultiplier tubes were each amplified by a spec-
troscopy amplifier and a fast amplifier for timing. The spectroscopy amplifier shaped the
energy signals with 1 µs shaping time and were sent to the ADC. The timing signals were
discriminated by a CFD, then delayed by 500 ns before being sent to the time-to-digital con-
verter (TDC). The master gate from the HPGe detector was used to start the TDC, while
the 16 NaI(Tl) detector signals were used as the stop. The timing resolution for coincidences
between the HPGe and NaI(Tl) was determined using a 60Co source, with a FWHM of the
TDC coincidence peak of 14 ns.
The 5 signals from the veto paddles were each shaped by a spectroscopy amplifier with
1 µs shaping time. The shaped energy signal was sent to the ADC. The timing signals were
sent to a leading-edge discriminator (LED). For vetos, a time to amplitude converter (TAC)
was used. The HPGe master gate was used as the start and an ‘or’ signal from the LED was
used as a stop. Figure 3.15 shows a schematic of the detection electronics used.
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Figure 3.15: Electronics diagram of the HPGe-NaI(Tl) coincidence detection setup used for
this experiment. Included is the HPGe-Scintillator anticoincidence electronics.
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A VME-bus crate housed the CAEN ADC and TDC and was read by a VME single
board computer. Acquisition and monitoring was performed using Jam [Swa01], and data
were stored event by event. All coincidence/veto conditions were specified in a sort routine
written in Java, which was loaded with Jam at the outset of data acquisition.
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4 23Na Targets
4.1 Introduction
Extensive effort was devoted to the development of targets for this experiment. Several major
considerations are necessary for the production of useful 23Na targets. They must be stable
under high beam current loads and they must yield a sufficiently high content of 23Na. Beam
induced backgrounds are potentially a problem, so the targets must be sufficiently contami-
nant free. This includes the backing material, which must not cause unwanted backgrounds
and must be sufficiently cooled to minimize target degradation when bombarded with beam.
A typical target backing consisted of a 38 mm × 38 mm × 0.35 mm thick tantalum (Ta),
nickel (Ni), or copper (Cu) sheet as shown in Figure 4.1.
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Figure 4.1: A typical beam-stop target backing used at LENA.
Methods employed to try to reduce impurities in the backings included wet acid etch-
ing and resistive heating in vacuum. Implantation and evaporation techniques were used to
fabricate 23Na targets. Many previous measurements of 23Na(p, γ)24Mg have used NaCl or
Na2WO4 evaporated beam-stop targets. However, NaCl targets show stoichiometry changes
under proton bombardment to Na17Cl10 after only 100 µC of accumulated charge [Pai78].
Promising results were shown by Seuthe et al. [Seu87] using 23Na implanted into Ni back-
ings. Implanted targets have distinct advantages over evaporated targets. They are usually
more stable under high-intensity beam loads and are isotopically pure. Ultimately, Na2WO4
evaporated onto Ta beam backings were used for this measurement. The reason for not using
implanted targets will be detailed below. When not in use, targets were stored in an poly-
carbonate container, which was pumped to rough vacuum using a scroll pump. The storage
container is shown in Figure 4.2.
Figure 4.2: Polycarbonate container with pump out port and vacuum gauge for storage of
23Na targets and target backings.
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4.1.1 Contaminant Reactions
For low-energy, low-cross section measurements, it is of paramount importance that targets
and backings contain minimum contamination. Even though trace contaminants may ap-
pear in targets, their cross sections can be very high and can dominate detector spectra.
Common contaminant reactions measured in this work included 11B(p, γ)12C, 12C(p, γ)13N,
13C(p, γ)14N, 18O(p, γ)19F, and 19F(p, αγ)16O. Table 4.1 lists the common contaminant re-
actions and associated γ-rays energies. Purchasing the purest target materials alone will
not eliminate contaminants, since contamination can occur in the production or handling of
targets. Methods of cleaning backing materials, and the quality of products used for target
preparation are described below.
Table 4.1: A list of common contaminant reactions observed in low-energy nuclear reactions.
“Type” refers to the reaction mechanism, i.e., direct capture (DC) or resonant capture (RC).
Q-values listed are from Reference [Aud03].
Contaminant Reaction Type Eγ(keV) Q-value (keV)
2H 2H(p, γ)3He DC 5493.48
11B 11B(p, γ)12C RC 4439 15956.9(4)
11667
12C 12C(p, γ)13N DC 1943.49(27)
13C 13C(p, γ)14N DC/RC 7550.56
18O 18O(p, γ)19F RC 3908 7994.8(6)
4238
8028
19F 19F(p, αγ)16O RC 6130 8113.67(7)
4.1.2 Target Backing Material
The backing material purchased was of high quality and purity. All materials were purchased
from Alfa Aesar: Cu foil (0.675 mm thick, annealed 99.9% metals basis), Ni foil (0.5 mm
thick, annealed, 99.5% metals basis), and Ta foil (0.5 mm thick, annealed 99.95% metals
basis excluding Nb). Certificates of analysis were issued with the respective lot number for
the material. The actual purity of the Ta material was 99.993%. A summary of the materials
is listed in Table 4.2. The material was machined by the TUNL machine shop to the backing
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dimensions listed above.
Table 4.2: Target backing material purchased from Alfa Aesar.
Material Product Lot Size Thickness Purity
(mm×mm) (mm) %
Cu 40374 C18T015 100×100 0.675 99.9
Ni 44823 F19T009 100×100 0.5 99.5
B17U025 100×500
Ta 10355 L01U023 200×200 0.5 99.993
4.2 Target Backing Preparation
4.2.1 Wet Acid Etching
Although high-purity backing material was purchased from vendors, machining and other
handling can cause contamination. To reduce contaminants, target backings were wet-acid
etched, which removed surface layers and reduced the overall thickness of the backings. A
typical procedure for etching was as follows. Under a fume hood, a 300 ml teflon beaker
submerged in an ice bath contained the chemical solution used for etching. Using teflon
tweezers, the target backings were dipped into the solution and gently stirred for a specified
time and the process was repeated if necessary. After each dip, the backing was immediately
rinsed with distilled water. The dipping process continued. After the final rinse, the backing
was flushed with ethanol and set to dry. Depending on the backing material used, different
chemical solutions were necessary for etching.
Recipes for etching both Cu and Ni were found from Brigham Young University’s De-
partment of Electrical & Computer Engineering website [Bri09]. For Cu, the etching mixture
consisted of 5 parts 70% HNO3 and 1 part H2O. This solution was very reactive to Cu, which
produced a green gas and became volatile. The solution was initially clear, but turned a deep
green after several dips with the Cu backing.
Table 4.3 shows the thickness of Cu backings after etching and the solution used for
etching. The initial thickness of the Cu backings was 0.71 mm. It should be noted that
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Backing 2 was dipped in the same solution as Backing 1, immediately following etching of
Backing 1. The solution became more reactive with each successive dip. As soon as Backing
2 was dipped, the solution became very reactive and thus short duration dips were used.
Even though the overall dipping time for Backing 2 was less than for Backing 1, the final
thickness was less for Backing 2. After etching in a used solution, a residue was left on the
backings. The residue was removed by submerging the backing into a diluted solution of 1:1
of HNO3:H2O followed by a rinse with distilled water. Backing 4 was etched using the 1:1
diluted form of the solution and did not effectively reduce the backing thickness.
Table 4.3: Parameters and results for wet acid etching 0.71 mm thick Cu backings.
Backing Final Number Duration
number thickness (mm) of dips of dip (s) HNO3:H2O
1 0.50 5 20 5:1
2 0.34 20 2 5:1
3 0.35 5 20 5:1
4 0.64 6 20 1:1
Nickel was etched using a similar procedure as for Cu, except that, instead of using full
backings, small scraps of dimension 1 cm × 1 cm were used. These pieces were leftover from
machining of the material, and experimented with them. Four different solutions were tried,
but etching was overall unsuccessful. Hence only unetched Ni backings were used for target
preparation. Table 4.4 shows the final thicknesses achieved after etching with the different
solutions.
Table 4.4: Parameters and results for wet acid etching of 0.55 mm thick Ni samples.
Sample Final Number Duration
number thickness (mm) of dips of dip (s) Solution Stoichiometry
1 0.53 1 15 HNO3:H2O 3:7
2 0.55 2 15 HNO3:H2O 3:7
3 0.54 5 15 HNO3:H2O 3:7
4 0.51 1 15 HNO3:HCl 1:4
5 0.54 3 15 HNO3:HCl 1:4
6 0.52 5 15 HNO3:HCl 1:4
7 0.50 10 15 HNO3:H2O 5:1
8 0.46 10 15 HNO3:HF 1:1
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The etching procedure for Ta is well established and follows from Reference [Ver53]. The
solution consisted of 5 parts 95% H2SO4, 2 parts 70 % HNO3, and 2 parts 50% HF. The total
solution volume amounted to 75 mL H2SO4, 30 mL HNO3, 30 mL HF. Each backing was
dipped in the solution three times for a duration of 20 s per dip. The mixture effectively etched
three backings before needing to be replaced. The thickness of each backing was measured
with calipers before and after etching. Table 4.5 shows a listing of Ta thicknesses before and
after etching. Each target was measured in the same way; however, the measurement may
be systematically overestimated if the material was not completely flat. Figure 4.3 shows an
unetched Ta backing on the left and an etched Ta backing on the right.
Table 4.5: Thicknesses of Ta backings before and after etching. Note: backings 24 and 25
were not etched.
Backing Initial Thickness Final Thickness
(mm) (mm)
1 0.49 0.28
2 0.53 0.34
3 0.54 0.38
4 0.55 0.51
5 0.55 0.30
6 0.55 0.34
7 0.53 0.39
8 0.55 0.30
9 0.58 0.35
10 0.52 0.29
11 0.51 0.34
12 0.57 0.28
13 0.54 0.36
14 0.51 0.33
15 0.57 0.39
16 0.65 0.34
17 0.49 0.35
18 0.63 0.32
19 0.55 0.34
20 0.51 0.34
21 0.50 0.31
22 0.52 0.33
23 0.55 0.32
24 0.55 0.55
25 0.50 0.50
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Figure 4.3: An unetched Ta backing (left) and an etched Ta backing (right).
4.2.2 Resistive Heating in Vacuum
After a target backing has been wet acid etched, contaminants can be further reduced by
resistive heating in vacuum. Target backings were placed in an evaporation station and
pumped to high vacuum. A high current was applied through the backing. Current was
increased until the backing became red in color. This method boils contaminants off the
surface of the backing, which are pumped away by the vacuum system. In a test completed
at LENA, resistive heating significantly reduced the amount of 19F contamination on Ta
backings [Lon09].
Because of the low resistivity of copper and nickel, and the limitations of the high-current
transformer, these backings could not be resistively heated. Tantalum was typically outgassed
in a vacuum of 1-2 × 10−6 Torr (1×10−7 Torr in the new evaporation system, Section 4.6).
Current was then slowly applied through the target backing. As the current increased, the
vacuum began to climb as the backing started to outgas. The vacuum was monitored until it
recovered. At a current of ∼150 A, the Ta backing started to glow. The maximum applied
current passed through the backing was 300 A, for a duration of 15 minutes or until the
vacuum would fully recover. The current was then reduced and the backing was left to cool
under vacuum for 30 minutes.
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4.3 Implanted Targets
The motivation for using implanted 23Na targets came from the thesis of a previous student,
Carrie Rowland [Row04a]. She used evaporated targets and feared they would degrade over
time under high proton currents. Hopefully, by using implanted targets, the target stability
might improve under high beam loads. Furthermore, if a net gain in 23Na concentration could
be obtained via implanted targets, that would improve the experimental yield. Seuthe et al.
[Seu87] successfully implanted a uniform, thick layer of 23Na into Ni. They studied 23Na
implanted into several different backings. For Na implanted into Ni, they claimed that a pure
layer of Na could be obtained for an incident dose of greater than 1.0 × 1018 atoms/cm2, and
that the thickness of Na continues to grow with increasing incident dose. In terms of stability,
with 130 µA proton beam, the concentration of Na in Ni reduced by 35% after 1 C of charge
collected and then remained constant for up to 4 C collected. For Ta backings, they found
saturation occurs at 0.5 × 1018 atoms/cm2, with a pronounced 23Na concentration near the
surface of the targets, which was neither understood nor predicted.
4.3.1 Eaton Positive-Ion Implanter
Implantation of 23Na into target backings was performed at the University of North Carolina
using an Eaton NV-3206 Ion Implanter. The implanter was initially used to implant dopants
into Si wafers for semiconductor research and processing. By removing the wafer processing
end station, the implanter was converted to produce implanted targets useful for measure-
ments at LENA. A schematic view of the implanter can be seen in Figure 4.4. Positive ion
beams (from gases or solids) are produced in a filament ion source by electron impact arc
discharge. Beams are accelerated to energies between 20 and 200 keV. An 90◦ analyzing
magnet selects the mass of the beam for a range up to 125 AMU, and has a mass resolution
of ∆M/M ∼ 0.01. A quadrupole triplet lens focuses the beam, which then passes through
a scanner, so that the beam profile can be monitored, and through deflection plates so that
the beam can be raster-scanned over the target backing. The beam then drifts to the target
station, where it can be further collimated and finally implanted into a target backing.
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Figure 4.4: Layout of an ion implanter. The beam was produced in an ion source and
extracted to a 90◦ analyzing magnet. The mass filtered beam was then electrostatically
accelerated to the desired implantation energy and focused with optics elements. The target
chamber consisted of a set of collimators to shape the beam and a suppressed liquid nitrogen
cooled tube used to preserve charge integration and reduce carbon build up on the target.
The target backing was mounted at the end of the target chamber and was directly water
cooled during the implantation process.
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The implanter was repaired to make it more reliable for use. For some time, the vapor-
izer system, used for making beams from solids, did not work because of a faulty electrical
circuit in the power supply. This was repaired by UNC’s chemistry electronics shop in July
2008 and the vaporizer can now inductively heat a vaporizer oven cavity to 700◦C (as read
out by a thermocouple). A replacement cryogenic pump was installed in November 2008
since the existing pump could not maintain temperature and needed frequent regeneration.
A turbomolecular pump was added to the target station for fast pumpout when changing
targets. The entire vacuum system was able to achieve a vacuum of 1.0 × 10−7 Torr, which
was an improvement by an order of magnitude. Further descriptions of the implanter and
improvements made to the implanter can be found in References [Cot06, Ces09].
Reagent grade NaCl was typically used to produce a beam of 23Na. It was placed in a Ta
vaporizer oven cavity, which was inserted into the inductive heating system. Typical 23Na+
beam currents were 20 µA at 50 keV. In all, 5 Ta, 2 Cu, 6 Ni, and 2 NiTa target backings
were implanted with 23Na+. Of these, one representative backing of each type is described in
Section 4.3.4.
4.3.2 Stoichiometry and Dose Calculations
The desired thickness of implanted 23Na targets was ∆E = 15 – 20 keV at a proton bom-
barding energy of Elabp = 144 keV. The thickness depends on the type of measurement being
performed. In this case, thicker targets were desired in the search for an unobserved reso-
nance. The implanted thickness of the target layer is a function of the implantation energy of
the target ion and the density of the target backing. The thicker the desired target, the higher
the required implantation energy. Likewise, the denser a target, the higher the implantation
energy. Before implanting, estimates were made to determine the approximate implantation
energy necessary to achieve a desired thickness, and the dose needed to achieve the appropri-
ate target concentration. These were performed using tabulated values of projected ranges of
ions of given energy into metals from the program SRIM [Zie08]. As an example, suppose a
desired implantation produces a stochiometry of NaTa2. For a proton energy of E
lab
p = 144
keV, and a target thickness of 15 keV, SRIM was used to find the difference in the projected
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ranges for Elabp = 129 keV and E
lab
p = 144 keV. The corresponding thickness (in units of
length) at Elabp = 144 keV for the assumed stoichiometry amounts to 51 nm in Ta. Table 4.6
shows projected ranges of protons for three different target backings used for implantation.
Table 4.6: Projected proton ranges for three different target compounds, calculated using
SRIM [Zie08].
Backing Density Stoichiometry Elabp Range
(g/cm3) NNa : NB
a (keV) (nm)
Ta 17.71 1 : 2 144 496
129 445
Ni 12.40 1 : 1 144 364
129 329
Cu 12.20 1 : 1 144 394
129 354
aNB refers to the number of backing atoms.
Using SRIM, again, but with 23Na+ as the projectile and bare Ta as the implantation
backing, calculations showed that a bombarding energy of ENa = 92 keV corresponds to a
projected distance of 51 nm. This method sufficed for finding the approximate implantation
energy for an assumed target thickness and concentration. The actual target thickness and
concentration can be found by measuring the excitation function of the target using a well-
known, narrow resonance, as described in Section 4.3.3.
Another important aspect affecting target stoichiometry is the dose to implant into a back-
ing. The number density of a species (or number of ions per unit volume) can be represented
by
nx =
ρNA
Mx
(4.1)
where NA is Avogadro’s number, ρ is the density, andMx is the relative atomic mass given in
atomic mass units, u. Since there are only two elements in the target composition, the number
ratio of these species, R, or the stoichiometry, can be used to express the number of one species
in terms of the other, i.e., nNa = RnTa. For the NaTa2 case, nNa = 2.78 x 10
22 atoms/cm3. By
determining the volume of the target material, the total number of atoms can be calculated.
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In this case, assume that the implanted region has the shape of a cylinder, with the radius
determined by the beam spot size on target (as defined by a collimator) and the height (depth)
determined by the above calculations for projected range. The total number of 23Na ions is
NNa = nNaVcyl. Assuming singly charged
23Na+ ions are implanted, the total charge needed
to implant 23Na into Ta to achieve the calculated dose is 0.12 C. This calculation assumes no
sputtering of target material by the beam, i.e., an implantation efficiency of 100%. Typically,
two to four times the calculated dose is implanted to ensure saturation of the target material.
Table 4.7 shows for different backings the 23Na implantation parameters necessary to achieve
15 keV thick targets at Elabp = 144 keV, assuming 100% implantation efficiency.
Table 4.7: 23Na+ implantation parameters to achieve a 15 keV thick target at Elabp = 144
keV in three types of backings.
Backing Thicknessa Stoichiometry ENa Charge
(nm) NNa : NB
b (keV) (C)
Ta 51 1 : 2 92 0.12
Ni 35 1 : 1 50 0.26
Cu 40 1 : 1 53 0.28
aThickness of implanted region.
bNB refers to the number of backing atoms.
4.3.3 Target Testing
To test implanted targets for stability and concentration, excitation functions (yield curves)
of the strong, narrow resonance in the 23Na(p, γ)24Mg reaction at Elabr = 309 keV (Γ < 2
eV, ωγ = 105 ± 19 meV [End90]) were measured at LENA using the JN Van de Graaff
accelerator. Owing to the very narrow width of this resonance, the measured structure of the
excitation function depended on the distribution of target material throughout the backing,
the resolution of the accelerator, the straggling of the beam in the target, and, for implanted
targets, the straggling of target ions in the backing (i.e., target concentration profile). Based
on the structure of the excitation function, the uniformity of the target could then be evalu-
ated, as well as the concentration (or stoichiometry) ratio of active target to backing nuclei
NNa : NB.
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The stoichiometry was calculated based on the known resonance strength and the mea-
sured yield. For a thick target, the maximum yield height, Ymax, is related to the resonance
strength, ωγ, by
Ymax =
λ2r
2
ωγ
εcmeff
, (4.2)
where λr is the deBroglie wavelength, and ε
cm
eff , the effective stopping power (in the center of
mass frame) for the target compound, is given by
εcmeff =
MNa
Mp +MNa
(
εNa +
NB
NNa
εB
)
. (4.3)
Solving Equation 4.2 for εcmeff and substituting the experimental yield for Ymax from Equation
3.2, the equation becomes
εcmeff =
λ2r
2
ωγ
NbBηW
N
. (4.4)
Substituting Equation 4.3 into Equation 4.4 and rearranging terms, the stoichiometry can be
determined by
NNa
NB
=
(
1
εB
[(
Mp +MNa
MNa
)
λ2r
2
ωγ
NbBηW
N
− εNa
])−1
(4.5)
Similarly, the area under the yield curve could be used to calculate the stoichiometry. The
area, AY , is related to the maximum yield by
AY = Ymax∆E (4.6)
where ∆E is the energy thickness of the target. Equation 4.2 can be rewritten as
AY =
∆E
εeff
λ2r
2
ωγ = n
λ2r
2
ωγ (4.7)
where n = ∆E/εeff is the number of active target nuclei (Na). The overall goal for the
implanted targets was to attain a uniform yield over the target thickness, with a number
ratio of about NNa : NB = 1 : 1.
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4.3.4 Implanted Target Yields
Na - Ta Targets
Early tests showed that ENa = 50 keV would be a sufficient implantation energy to meet the
required target thickness. The yield curve of an implanted Na - Ta target is shown in Figure
4.5. Two rounds of implantation occurred on this target, both at ENa= 50 keV. The estimated
total dose collected on the target was 0.5 × 1018 atoms/cm2 after both implantations. Between
the implantations, a yield curve was measured, testing the stoichiometry and thickness (Test
#1). After the second implantation another yield curve was measured (Test #2). As a way to
test the target for stability, the target was bombarded by a beam of Elabp = 150 keV protons
with a current of ∼50 µA for an accumulated charge of 1 C. A subsequent yield curve was
measured (Test #3).
The yield curves of the Na - Ta targets were very similar to those of Reference [Seu87],
displaying a high concentration of 23Na at the surface of the target as seen in Figure 4.5. The
maximum stoichiometry of this target was estimated after the first implantation, yielding
NNa : NTa = 1 : 6.5 (excluding the surface peak). An additional implantation was performed
in hopes of increasing the 23Na concentration. Between the first and second tests, the surface
concentration increased with the additional implantation, but the concentration decreased
beyond the surface, suggesting that 23Na was migrating within the target. After the stability
test, the surface concentration increased from additional beam charge collected on the target,
which suggested that even under modest beam currents, 23Na was migrating within the target.
Other targets of 23Na implanted into Ta showed similar results. Ultimately, Na - Ta lacked
the 23Na concentration and the uniformity necessary. Therefore, they were not used for the
experiment.
Na - Ni Targets
Figure 4.6 shows yield curves of 23Na implanted into a Ni backing. It was implanted a total
of three times, the first and second implantations with ENa = 50 keV beam and the third
implantation with ENa = 25 keV beam. The yield curve, after the initial implantation (Test
82
310 320 330
Proton Bombarding Energy (keV)
0
0.05
0.1
0.15
0.2
Y
ie
ld
 (C
ou
nts
/µC
)
Test #1
Test #2
Test #3
Figure 4.5: Measured yield curves of the Elabr = 309 keV resonance in
23Na(p, γ)24Mg for
a target fabricated by implanting Na ions into a Ta backing. Test #1 was performed after
the initial implantation. Test #2 was performed after a second implantation of roughly same
dose and energy as the first implantation. Test #3 was performed after prolonged beam
bombardment to study the target degradation using a proton beam of Elabp = 150 keV energy
and 50 µA intensity. Notice the peak in Na concentration at the target surface. It increased
in magnitude after proton bombardment, indicating that Na ions diffused to the surface.
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#1), was not uniform throughout the thickness of target, which suggested that saturation
had not been reached. We expected this since previous work showed no saturation of 23Na
implanted in Ni [Seu87]. The stoichiometry was calculated based on the maximum yield
resulting in a concentration of NNa : NNi = 1 : 1. Another implantation was performed with
the hopes of increasing the concentration in the high energy region of the yield curve. The
second yield curve (Test #2) showed the maximum yield stayed constant, and an increased
concentration of target material in the high energy region, but the thickness of the target was
also increased. Unlike the Ta case, target material seemed to migrate further into the target
rather than towards the surface. A final implantation was performed at half the initial energy,
ENa = 25 keV to again see increase concentration of the high energy region of the yield curve,
thus increasing the uniformity. Unfortunately, the yield curve shows (Test #3) significant
damage to the target in terms of sputtering. The stoichometry at maximum decreased to
NNa : NNi = 2 : 3. Table 4.8 displays the characteristics of targets implanted into a Ni
backing. Results of the Na - Ni implantations did not correspond with the results of those
in Reference [Seu87]. Since a uniform yield could not be achieved, these targets were not
suitable for use in the experiment.
Table 4.8: Experimental Na - Ni implantation parameters and stoichiometries.
Implantation ENa Charge Dose Stoichiometry
(keV) (C) (×1018 atoms/cm2) NNa : NNi
1 50 0.67 0.83 1 : 1
2 50 0.26 0.32 1 : 1
3 25 0.12 0.15 2 : 3
total 1.05 1.30
Na - Cu Targets
Implantation of 23Na into Cu showed similar results of those from 23Na implanted into Ta, very
low 23Na yield, but high concentration at the surface of the target. Figure 4.7 shows the mea-
sured yield curves for a target, which was implanted only once at an energy of ENa = 50 keV
with a dose of 0.55 × 1018 atoms/cm2 (0.45 C). The yield curve tests were performed consec-
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Figure 4.6: Measured yield curves of the Elabr = 309 keV resonance in
23Na(p, γ)24Mg for a
target fabricated by implanting Na ions into a Ni backing. Test #1 was performed after an
initial implantation at ENa = 50 keV. Test #2 was performed after a subsequent implantation
at ENa = 50 keV. Test #3 was performed after a final implantation at ENa = 25 keV, which
sputtered Na from the backing.
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utively, i.e., Test #1 was performed after implantation, Test #2 was performed immediately
after Test #1, and Test #3 was performed immediately after Test #2. The stoichiometry was
calculated based on the maximum yield after Test #1, resulting in NNa : NCu = 1 : 16. If an
implantation efficiency of 100% is assumed, the Cu target was implanted 24 times the amount
required to obtain a stoichiometry of NNa : NCu = 1 : 16. This stoichiometry was drastically
different from the theoretically expected stoichiometry of NNa : NTa = 3 : 2. Clearly, im-
planted material was sputtered away during implantation and the implantation efficiency was
very low. After Test #1 there was no evidence for a higher concentration of target material
at the surface of the target. However, after only modest charge collected on the target (<
0.2 C), a surface peak became apparent after Test #2. Test #3 showed an increase in the
surface concentration after more beam charge was collected on target. The migration of 23Na
within Cu was apparent as was the case for Ta. The low yield and non-uniform Na profile in
Cu were not be suitable for use in this experiment.
Na - NiTa targets
Since the results of Reference [Seu87], could not be reproduced for Na implanted into thick
Ni foils, an attempt was made to implant into an evaporated Ni layer on a Ta sheet, as was
done in the previous work. Reference [Seu87] states that they implanted 23Na into “thick
layers evaporated on Ta sheets.” No other information was provided about the evaporated
thickness of Ni. To estimate the thickness of the evaporated Ni layer needed, sputtering was
taken into account. Sputtering information for Ni was found in Reference [Mat84]. Although
sputtering of 23Na in Ni was not listed, sputtering of Ne in Ni was included. To first order,
since Na and Ne have similar masses, Ne was assumed to estimate the sputtering of Na in Ni.
For 23Na implanted at an energy of ENa = 50 keV for 0.26 C, the sputtering ratio yielded 1
Ni atom to 1 Na ion, corresponding to 35 nm of Ni material, thus sufficiently thick layers of
Ni (i.e., 100 – 150 nm) were needed.
Nickel was electron-beam evaporated onto Ta at the Shared Materials Instrumentation
Facility (SMiF) at Duke University. Two NiTa target backings were produced with Ni evap-
orated thicknesses of 125 nm. A maximum thickness of 125 nm was advised by the SMiF
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Figure 4.7: Measured yield curves of the Elabr = 309 keV resonance in
23Na(p, γ)24Mg for
a target fabricated by implanting Na ions into a Cu backing. The backing was implanted
into once at ENa = 50 keV. The yield curve tests shown were performed consecutively on the
target with no further implantation into the target. The target was not stable and became
nonuniform under modest amounts of proton beam current and charge collected.
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technician to prevent the evaporated layer from peeling or cracking.
Figure 4.8 shows the yield curves of a Na - NiTa target. The 23Na was implanted into
NiTa a total of three times. The first two implantations were performed at ENa = 50 keV
and the last at ENa = 70 keV. The yield curves after the first implantation (Test #1) showed
a target structure very similar to that for the Ni foil backing. The second implantation was
performed to see if the concentration in the high energy region of the yield curve would
increase. The yield curve (Test #2) concentration did increase slightly, but not by a sizable
amount considering that the dose was doubled. After the third implantation, the yield curve
(Test #3) showed substantial reduction of the maximum yield, attributable to sputtering of
the target material.
During the course of this work in October of 2010, a paper was published by Brown et
al. [Bro09] at the University of Washington on the study of 23Na implanted targets. Their
goal was much like ours, to analyze the structure and stability of 23Na implanted into Ta,
Ni, and Cu. They obtained very similar results to our Ta results. For their Ni results, they
did not see a long, high-energy tail on their yield curves. However they implanted at a lower
energy of ENa = 30 keV. For Cu, they did not see a high concentration of
23Na at the surface
of their targets after accumulating beam charge, but their implantation energy was lower at
ENa = 10 – 30 keV. A major difference between these works was the amount of beam current
used for the implantation. At times, the beam current was as high as 50 µA for this study,
compared to their currents of 30 – 80 nA.
4.4 Evaporated Targets I
Despite a concerted effort (> 1.5 years) devoted to implanted targets, it became clear that
implantation was not a suitable method for producing 23Na targets for this experiment. Thus,
attention was turned to evaporated targets, which had been used in previous measurements.
In a previous study of the stability of evaporated 23Na targets [Row04a], it was determined
that the compounds NaCl, NaBr, and Na2Ti3O7 produced unstable targets, but that Na2WO4
evaporated onto Ta backings produced the most robust targets. Minimal target degradation
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Figure 4.8: Measured yield curves of the Elabr = 309 keV resonance in
23Na(p, γ)24Mg for a
target fabricated by implanting Na ions into a NiTa backing. Test #1 was performed after an
initial implantation at ENa = 50 keV. Test #2 was performed after a subsequent implantation
at ENa = 50 keV. Test #3 was performed after a final implantation at ENa = 70 keV, which
sputtered Na from the backing.
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was observed after accumulating 5 C of Elabp = 150 keV beam with 50 µA. Another study,
Reference [Zij90], found that these targets would suffer only a 10% loss of yield with 150 µA
on a 2 × 2 mm2 beam spot for a running time of 30 h. Since beam spots at LENA have areas
on the order of 80 mm2, the power density on the targets should be less and they should be
able to withstand higher beam currents with minimal degradation.
4.4.1 Fabrication
Evaporated targets were fabricated using the TUNL evaporation system. The system con-
sisted of a removable bell jar that was sealed to a stainless steel vacuum vessel using a rubber
gasket. The vacuum system included a roughing pump and a diffusion pump with a liquid
nitrogen cooled trap. The ultimate vacuum achieved with this system was 1 µTorr. High
currents (50 – 80 A) were passed through a Ta or Mo boat containing 250 mg of Na2WO4.
The target backings were suspended ∼20 cm above the boat adjacent to a Maxtek, Inc. Model
TM - 100 thickness monitor. The Na2WO4 material used was an American Chemical Stan-
dard (ACS), 99.0 – 101.0% (range in purity), purchased from Alfa Aesar, presumably in 2000.
Five targets were produced by this method. Targets 1 and 2 were evaporated simultaneously.
Because of visible inhomogeneities on the targets, Targets 3 – 5 were evaporated individually.
4.4.2 Target Testing
The Elabr = 309 keV resonance in
23Na(p, γ)24Mg was used to profile the targets in a similar
manner as with the implanted targets. Based on the γ-ray yield from the resonance, a
resonance strength was calculated for each target assuming a target stoichiometry of NNa :
NW : NO = 2 : 1 : 4. Figure 4.9 shows the resonance profiles for Targets 1, 3, 4, and 5. The
four yields were plotted on the same energy scale to display the differences in thicknesses of the
targets. The non-uniformity in Na content displayed in Targets 1 and 3 could be attributed to
different evaporations rates of the 3 constituent atoms of the Na2WO4 compound. However,
the uniformity was much improved over that of implanted targets. The evaporation and test
characteristics of each target are displayed in Table 4.9. The resonance strength was calculated
without the inclusion of summing effects, so the ωγ values are less than the literature value
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of ωγ = 105 ± 19 meV [End90].
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Figure 4.9: Measured yield curves of the Elabr = 309 keV resonance in
23Na(p, γ)24Mg for a
target fabricated by evaporation of Na2WO4 on Ta backings. Each yield curve is plotted on
the same energy scale to show the difference in each target’s thickness and concentration.
4.5 Atomic Force Microscope Imaging
An atomic force microscope (AFM) was used to examine the surface roughness of an evap-
orated target after beam bombardment. Target #4 was taken to the Chapel Hill Analyti-
cal and Nanofabrication Laboratory (CHANL) at UNC after accumulating 25 C of proton
charge. Figure 4.10 shows an AFM image of a small area of the target. The grooves and
valleys indicate damage caused by beam bombardment. Although no quantitative analysis
was used attempted, future studies may use this technique to take images before and after
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Table 4.9: Typical evaporation parameters of Na2WO4 for the initial five evaporated targets.
Target Backing Amount of Sample Evap. Thickness Meas. Thickness ωγa
Material (mg) (A˚) (keV) (eV)
1 Ta 240 2815 29.1 0.072(10)
2 Ni 240 2815
3 Ta 314 1989 18.6 0.102(14)
4 Ta 1500 16.6 0.085(12)
5 Ta 632 6.3 0.093(13)
aThe γ-ray intensities were not corrected for summing.
beam bombardment to quantify the beam damage and target content. Future studies need
to be performed to explain the unexpected features in the AFM image.
4.6 Target Contamination Reduction
In the first measurement of 23Na(p, γ)24Mg (see Chapter 5) a significant beam induced con-
tamination from the evaporated targets was observed. Targets contained amounts of 11B, 12C,
and deuterium, which were clearly visible in detector spectra. The source of the contamina-
tion was suspected to arise from the compound used for evaporation or from the evaporation
process itself.
For further 23Na(p, γ)24Mg measurements it was necessary to produce targets with lower
impurity levels. As a first step, Na2WO4 was acquired from five different suppliers to inves-
tigate whether the concentration of contaminants varied from vendor to vendor. In addition
to Na2WO4 from Alfa Aesar, the compound was ordered from American Elements, Sigma
Aldrich, Noah Technologies Corporation, and Cerac, Inc. Table 4.10 shows the basic chemi-
cal information and the quoted quality of the compounds purchased. Certificates of analysis
were acquired for all compounds. All compounds other than from Alfa Aesar were ordered
and delivered in November 2010.
The TUNL evaporation system has been used extensively to evaporate many materials.
As stated in Section 4.4.1, the high vacuum was established with a diffusion pump. These
pumps heat oil to create a high speed vapor, which forces gas molecules to the exhaust of
the pump. These systems are known to backstream oil vapor into the evaporation chamber,
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Figure 4.10: An AFM image of an evaporated Na2WO4 target, taken after 25 C of proton
beam accumulation.
Table 4.10: Properties and quoted purity of purchased Na2WO4.
Supplier CAS #a Lot #b Description Purity (%)
Alfa Aesar 10213-10-2 A16M21 Dihydrate 100.2
American Elements 10213-10-2 1661054547-824 Dihydrate 99.995
Sigma Aldrich 10213-10-2 MKBC6693 Dihydrate 99.995
Noah Technologies Corp. 10213-10-2 0225339/1.1 Dihydrate 99.8
Cerac, Inc. 13472-45-2 61522-A-1 99.9
aCAS Registry Numbers assigned by the Chemical Abstracts Service
bThe identification number of a particular quantity of a chemical
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which can leave hydrocarbon residue on components inside the vacuum system. Typically, a
liquid nitrogen cooled baﬄe is located at the entrance of the pump to reduce backstreaming
vapors.
To aid in producing cleaner 23Na targets for this experiment, a non-functional Denton
Vacuum, Inc. model DV-502A high-vacuum evaporator was restored and modified to create
cleaner targets. The major modification was replacement of the diffusion pump and roughing
pump with oil-free cryogenic and scroll pumps. These two pumps eliminated any contaminants
caused by migrating oil vapors. The stainless steel vacuum vessel was professionally machined
to adapt to the new setup. All vacuum components were extensively cleaned, re-machined,
or replaced. The vacuum system was leak checked to a level of 1 × 10−9 mbar L/s and a
vacuum of 1 × 10−7 Torr was attainable in the chamber. The ultimate vacuum was an order
of magnitude improvement compared to the TUNL evaporation system. The stainless steel
vacuum vessel was also machined to accept standard 25 mm (instead of the existing 12.5 mm)
diameter feedthroughs. The evaporator was equipped with a 2 kW power supply capable of
providing 400 A at 5 V. To help protect the new system from contamination and misuse,
the evaporator was permanently installed in the setup area at LENA and is dedicated for
target preparation need for LENA experiments only. A picture of the new LENA evaporator
is shown in Figure 4.11.
4.7 Evaporated Targets II
4.7.1 Fabrication
With the completion of the new LENA evaporator and newly ordered compounds, a second
round of target making took place. At first, targets were produced to compare the levels
of contamination of the new versus previously used targets. One target was prepared and
fabricated from each supplier’s compound listed in Table 4.10. The targets were prepared in
the following manner. First, an etched Ta target backing was flushed with ethanol, dried,
and mounted between the high current leads of the evaporator. The backings were resistively
heated in a vacuum of at least 1 × 10−6 Torr. The current applied through the backing was
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Figure 4.11: The new LENA evaporation station was built to produce clean targets. The
oil-free station utilized a scroll pump for establishing rough vacuum and a cryogenic pump
for high vacuum. The ultimate vacuum achieved was 1 × 10−7 Torr.
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roughly 300 A. After the backing cooled, it was removed from the evaporator and placed in
the target container, which was subsequently pumped out by a scroll pump. A new Ta boat
was flushed with ethanol, dried, and mounted between the high current leads. The system
was pumped out to at least 1 × 10−6 Torr and 120 A was applied through the boat to drive
off any impurities. After the boat cooled, approximately, 500 g of Na2WO4 was then added to
the boat, and the target backing was mounted to a stand 22 cm above the boat. The system
was pumped out to a vacuum of < 1 × 10−6 Torr, at which point current was applied through
the boat, heating the compound. A shutter covered the boat and blocked the line of sight
view to the backing, as the sample outgassed. Typical outgassing times were up to 2 hours.
If the current was increased too quickly, the compound would splatter out of the boat. Once
the heated compound liquified and shadows appeared on the bell jar and shutter, the shutter
was opened and evaporation commenced. Evaporation rates of 1 – 3 A˚/s were maintained
over the course of the evaporation. At the end of the evaporation, the system was allowed
to cool, and then was vented and broken down. All vacuum components were cleaned in an
ultrasonic cleaner with water and Alconox R© and rinsed with ethanol before the next target
was prepared. The freshly evaporated target was immediately placed in the target container,
which subsequently, was pumped out by a scroll pump to rough vacuum.
4.7.2 Target Sensitivity Study
Each target was profiled over the Elabr = 512 keV resonance in
23Na(p, γ)24Mg (Γ < 50 eV
[End90], ωγ = 91.3 ± 12.5 meV [Pai79]) to check for yield and stoichiometry. The targets were
then bombarded with beam at Elabp = 148 keV using the ECR ion source for an accumulated
charge of 5 – 10 C. Typical beam intensities incident on target were 700 – 900 µA. The
energy was chosen to match that used in our initial measurements, which would allow a direct
comparison with our first evaporated targets. After this, the targets were again profiled with
the Elabr = 512 keV resonance to determine the level of degradation suffered.
Since 11B had a considerable presence in the first set of targets, the background subtracted
peak intensity of the Eγ = 4439 keV line from the 1 → 0 transition in 11B(p, γ)12C was
monitored as a function of charge collected to determine the rate of growth, as shown in
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Figure 4.12. The sample from Alfa Aesar clearly contained the most 11B. This was the same
material used to produce the first five evaporated targets (see Section 4.4). All other samples
had relatively consistent levels of 11B. At 5 C, the reduction of 11B was about a factor of 4
in the Cerac sample as compared with the Alfa sample. The count rate in the Eγ = 4439
keV peak at 5 C for the Alfa, American, Sigma, Cerac, and Noah targets was 21 ± 2, 8 ± 1,
8 ± 1, 5 ± 1, and 7 ± 1 counts per Coulomb, respectively. The trends in the peak intensity
of the 4439-keV line were typically linear. However, there were points where the intensity
appeared to jump. These jumps corresponded to retunes of the beam optics, which may have
exposed a new region of the target to the beam, causing the yield to increase. Based on the
tests of purity, the Cerac material was deemed to have the lowest concentration of 11B and
thus would be suitable for fabricating targets for further measurements of the 23Na(p, γ)24Mg
reaction.
This study did not test whether something within the target vacuum system was also a
source of 11B contamination. However, observations made from the second experimental data
set (data set 2, see Chapter 5) confirmed that there existed an additional source of 11B. There
was no evidence of deuterium in any of the targets made in the oil-free evaporation system.
Thus, the deuterium contamination in the previous targets resulted from diffusion pump
oil vapor that was contaminated with deuterium in the general-purpose TUNL evaporation
system.
Initial yield curves were compared to yield curves taken after high-intensity beam bom-
bardment. Several of the initial yield curves had a non-uniform structure, which was wor-
risome. However, after bombardment the yields appeared to become more uniform. Figure
4.13 shows the yield curves of the American Elements, Sigma Aldrich, Cerac, and Noah Tech-
nologies targets. The yield of the 1→ 0 transition in 24Mg (Eγ = 1369 keV) was monitored.
Clearly, the power of the beam caused the target material to migrate and created a more
uniform concentration of 23Na. A subsequent test showed that even after bombardment with
modest beam currents (10 µA) and charge collected (0.05 C), the yield profile became uni-
form. The degradation tests showed that after several Coulombs of charge collected, the
overall thickness of the target was reduced. However, the yield height stayed the same, which
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Figure 4.12: Peak intensities of the 4439→ 0 transition in 11B(p, γ)12C at Elabp = 148 keV, as
a function of cumulative charge collected for targets made of Na2WO4 from different suppliers.
Clearly, the Alfa Aesar sample contained the most 11B. The targets were fabricated using
the new LENA oil-free evaporator.
98
implied that the stoichiometry was constant under beam load. The target thickness decreased
at a rate of 1 keV/C for 1000 µA of Elabp = 150 keV beam. Thus, evaporated targets were
made very thick (∆E = 50 keV at Elabp = 150 keV). Once the target was reduced to a thickness
of ∆E = 10 – 15 keV, they were replaced.
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Figure 4.13: Measured initial and final yield curves of the Elabr = 512 keV resonance in
23Na(p, γ)24Mg of the targets made for the sensitivity study. The targets looked initially
nonuniform after evaporation, however, after beam bombardment the yield plateau became
more uniform.
4.7.3 Stoichiometry
A similar procedure to that described in Section 4.4.2 was used to determine the target
concentration. The yield of the Elabr = 512 keV resonance in
23Na(p, γ)24Mg was used.
Assuming a concentration of NNa : NW : NO = 2 : 1 : 4, the effective stopping power
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amounted to εcmeff = 3.83(18) × 10−14 eV cm2/atom at 512 keV. The primary R→ 1 transition
was monitored, corresponding to an Eγ = 10619.8 keV γ-ray. The angular distribution
coefficient for this transition measured with the HPGe detector at 0◦ degrees was W(0◦) =
0.993 [Gla63]. Each data point along the yield curve was corrected for coincident summing.
The data were fit using an analytical expression for the yield curve [Ili07]. The free parameters
were minimized using a Markov Chain Monte Carlo method [Lon08]. From the minimization,
the maximum yield, area under the yield curve, target thickness, and energy resolution were
extracted. The first three parameters were necessary for calculating the resonance strength.
Figure 4.14 shows the yield curve with the corresponding fit. For this particular fit, the
maximum yield was 0.532(21) counts/µC, the area of the curve was 14.3(5) counts-keV/µC,
and the target thickness was 26.8(5) keV. Using the maximum yield, the calculated strength
was
ωγ =
2
λ2r
εcmeff Ymax = 88.3 ± 9.2 meV. (4.8)
Using the area and thickness, the strength was
ωγ =
2
λ2r
εcmeff
AY
∆E
= 88.5 ± 9.2 meV. (4.9)
Both calculated strengths were in excellent agreement with the literature value, ωγlit = 91.3
± 12.5 meV [Pai79]. Thus, a stoichiometry of NNa : NW : NO = 2 : 1 : 4 was adopted. This
test showed that an absolute stoichiometry could be measured and implied that absolute ωγ
could be measured by knowing the absolute charge integration and absolute γ-ray detection
efficiency.
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Figure 4.14: Measured yield curve for a Na2WO4 target with the E
lab
r = 512 keV resonance
in 23Na(p, γ)24Mg. The data show the γ-ray yield at Eγ = 10619.8 keV from the R → 1
transition in 24Mg. These data were corrected for coincident summing and fit using a Markov
Chain Monte Carlo method.
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5 23Na(p, γ)24Mg Measurement
5.1 Data Set 1
5.1.1 Introduction
Initial measurements of the 23Na(p, γ)24Mg reaction were performed from April to June, 2010,
and essentially served to diagnose problems and focus attention on issues that were overlooked
or initially unapparent. It represented a considerable learning process. For example, the ECR
ion source was used continuously for the first time, producing far more beam than had been
achieved at LENA up to this point. Operating procedures had to be established for long
term use of this accelerator. The HPGe-NaI(Tl) detection system was being used for the
first time in nearly five years. The JN Van de Graaff accelerator had not run routinely for
three consecutive years. The stability and uniformity of 23Na targets under increased beam
power were huge unknowns and had be quantified. Different detection schemes were also
investigated.
Initially, five targets were produced by evaporating Na2WO4, provided by Alfa Aesar, onto
Ta backings using the TUNL evaporation system (see Section 4.4.1). Beams from the ECR
ion source were used for data runs, and beams from the JN Van de Graaff for target profiling.
Three ECR ion source beam energies were chosen, two on-resonance at Elabp = 145.5 keV and
148.0 keV, and one off-resonance at Elabp = 135.0 keV. The on-resonance energy selection was
constrained by the following considerations. The resonance energy, as calculated using the
Q-value and excitation energy, is Elabr = 144.0 ± 1.5 keV. A beam energy was chosen so the
resonance would occur within the uniform region of the target. However, Elabp = 148.0 keV
was chosen as the maximum energy in order to avoid contamination from the strong Elabr =
151 keV resonance from 18O(p, γ)19F, which would arise from the fractional contribution of
18O in the Na2WO4 targets. The majority of the on-resonance data were taken at E
lab
p =
148.0 keV, so the analysis was performed with data at that energy. In all, 55 C of charge was
accumulated at 148.0 keV, 3 C at 145.5 keV, and 3.3 C at 135.0 keV, over 4 targets. The run
time on target for the 148.0 keV data was 22.84 h with an average beam current of 667 µA.
An etched Ta blank target was used to measure beam-induced contaminants arising from the
target backing material at 148 keV for an accumulated charge of 23.5 C. All of these runs
used the HPGe-NaI(Tl) detection system to measure prompt γ-rays.
A 5th target was used to evaluate a different detection technique. The NaI(Tl) annulus
along with a NaI(Tl) plug detector, positioned at 0◦ to the target (replacing the HPGe
detector) was used as a summing crystal. Ideally, if the populated state of the compound
nucleus emits several γ-rays when it de-excites to the ground state, a 4π summing detector
will detect all γ-rays of the decay. The resulting signal corresponds to the total energy of
the decay. For example, the decay of the state explored in 23Na(p, γ)24Mg has an energy
of Ex = 11831 keV, so a signal of that magnitude is expected if all fragments of the decay
are detected. This provides several advantages as compared to the HPGe-NaI(Tl) detection
setup. First, the detection efficiency is higher in NaI(Tl) detectors than in Ge detectors.
Next, the environmental background rate near 12 MeV is much lower than in the region of
interest of the HPGe detector at 1.4 MeV. An obvious disadvantage is the decreased energy
resolution of NaI(Tl) detectors.
Using the NaI(Tl) summing detector, the target was bombarded with a Elabp = 148.0 keV
beam for 15.8 C of accumulated charge. The run time on target was 8.61 h with an average
beam current of 509 µA. An etched Ta blank target was used to measure beam-induced
contaminants arising from the target backing material at 148 keV for an accumulated charge
of 16 C.
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5.1.2 Observations
HPGe-NaI(Tl) Detection System
Figure 5.1 shows the on-resonance HPGe singles pulse-height spectrum taken over three tar-
gets at a beam energy of Elabp = 148.0 keV for an accumulated charge of 55 C. The spectrum
shows several peaks at energies above 3.0 MeV. These peaks correspond to direct capture
of 2H(p, γ)3He at Eγ = 5592 keV (Qpγ= 5493.48 keV [Aud03]) and resonant capture of
11B(p, γ)12C (Qpγ= 15956.9(4) keV [Aud03]) at Eγ = 4439 and 11650 keV. The
11B(p, γ)12C
reaction has a very strong, broad resonance (Γ = 5.3(2) keV) at Elabr = 162 keV [Ajz90].
Below 3.0 MeV, most peaks can be identified as originating from environmental background
sources, i.e., the uranium and thorium chains, except for the peak at Eγ = 2080 keV, which
corresponds to direct capture from 12C(p, γ)13N (Qpγ= 1943.49(27) keV [Aud03]) . At the
right end of the spectrum (∼13.5 MeV) is a pulser signal that was used to measure counting
dead time1.
The net intensity of the Eγ = 5.6 MeV γ-ray from
2H(p, γ)3He was monitored closely as its
intensity rate decreased over time. This was an indication that the deuterium contamination
was on or near the surface of the target, and was removed, presumably, by beam sputtering.
If the contamination were indeed near the surface, it would likely have arisen from post
evaporation handling of the target. A Ta blank backing, not previously exposed to the
evaporator, was bombarded with 148 keV proton beam for 23.5 C and showed no sign of
deuterium contamination, implying that contamination arose from the Na2WO4 sample or
post evaporation handling of the targets. However, the former reason was not applicable since
the intensity of the 5.6 MeV line was not constant over time. Thus, it was postulated that
deuterium could have been deposited on the target while sitting in the TUNL evaporation
system during overnight periods. The small-volume liquid nitrogen baﬄe used to freeze out
backstreaming oil vapors could not retain enough liquid nitrogen for long time periods. Thus,
diffusion pump oil vapors, contaminated with deuterium, were able to backstream into the
chamber region and deposit on the target surface when this baﬄe became warm. It was
1At all times during the experiment, the counting dead time remained less than 1%.
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later confirmed through the target sensitivity test described in Section 4.7.2 that the TUNL
evaporator was indeed the origin of these contaminants.
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Figure 5.1: HPGe singles pulse-height spectrum after a charge accumulation of 55 C at Elabp
= 148 keV using three Na2WO4 targets (data set 1). The targets were produced using the
TUNL evaporator with Na2WO4 provided by Alfa Aesar. The prominent peaks correspond to
environmental and beam-induced background from the 12C(p, γ)13N reaction below 3 MeV.
Above 3 MeV, the peaks correspond to the 11B(p, γ)12C and 2H(p, γ)3He reactions. At ∼13.5
MeV is a pulser signal (labeled ‘P’) for monitoring dead time.
There was no apparent evidence of a signal at Eγ = 1369 keV, the energy corresponding
to the first excited to ground state (1 → 0) transition in 24Mg. This region of the HPGe
singles spectrum was swamped with environmental backgrounds caused mostly by Compton
scattering events from γ-rays emitted in the decay of 40K and 208Tl. This was expected, and
thus γγ-coincidences were employed using the NaI(Tl) annulus to reduce the background rate.
Figure 5.2 shows the HPGe singles and coincidence spectra for a 3 < EGe + ENaI < 12 MeV
two-dimensional coincidence energy gate. The red dashed line corresponds to the location
105
of the expected signal at Eγ = 1369 keV. There is no apparent evidence for a peak in that
region in neither spectrum. In the coincidence spectrum, the region is dominated by cosmic
ray muon-induced events [How11] and Compton scattering events from the 11B(p, γ)12C and
2H(p, γ)3He contaminant reactions.
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Figure 5.2: HPGe singles and coincidence (energy gate 3 < EGe + ENaI < 12 MeV) spectra
after a charge collection of 55 C at Elabp = 148 keV using three Na2WO4 targets. The
region of interest at Eγ = 1369 keV is depicted by the red dashed line. In neither spectrum
is there evidence for a signal from 23Na(p, γ)24Mg. The singles spectrum is dominated by
low-energy Compton scattering events from environmental background sources, while the
coincidence spectrum is dominated by cosmic-ray muon induced events and Compton events
from 11B(p, γ)12C and 2H(p, γ)3He.
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NaI(Tl) Summing Detector
For the first time at LENA, the NaI(Tl) annulus, along with a NaI(Tl) plug, was used as a
summing detector. The summing detector covers a solid angle of nearly 4π, apart from the
holes on both ends of the annulus, the 6.35 mm gaps between each of the 8 segments per
annular half, and a 6.35 mm gap between the two annular halves. The γ-rays can escape
detection through any of these exposed regions, leading to incomplete summing.
A quadratic fit was used for the energy calibration based on the known γ-rays emitted
from the Elabr = 309 keV resonance in
23Na(p, γ)24Mg. The plastic scintillators were used as
a cosmic-ray muon shield. Plotted in black in Figure 5.3 is the NaI(Tl) sum energy pulse-
height spectrum, which represents 15.8 C of charge collected at Elabp = 148.0 keV on one target.
Plotted in red is the NaI(Tl) sum energy spectrum with incorporation of the veto condition
from the plastic scintillators. Near Eγ = 12 MeV, cosmic-ray muon induced events and beam-
induced background events from 11B(p, γ)12C dominate the pulse-height spectrum. The veto
signal reduces the muon events, but substantial background events remain from 11B(p, γ)12C.
Ultimately, this technique, although more efficient, would not improve the detection sensitivity
because of the 11B contamination in the targets and the NaI(Tl) detector’s poor energy
resolution. The green dashed line depicts the location of the signal expected for the Ex =
11831 keV state, which is not observed.
After data from the initial five targets were collected, the experiment was stopped, the
data were evaluated, a new upper limit for the resonance strength was calculated, and a new
rate was computed. In addition, over the following months, efforts were made to improve the
sensitivity of the 23Na(p, γ)24Mg experiment by producing targets with fewer impurities, as
described in Section 4.6. Since the new targets, produced with the new LENA evaporator
(Section 4.6), were found to be significantly cleaner, a new series of measurements were
performed (referred to as data set 2 below), which supercede these initial measurements.
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Figure 5.3: A NaI(Tl) sum energy pulse-height spectrum of the 23Na(p, γ)24Mg reaction at
Elabp = 148 keV for an accumulated charge of 15.8 C using one Na2WO4 target. The black
curve represents the raw sum energy intensity, and the red curve represents the cosmic-ray
muon vetoed sum energy intensity. The peaks at Eγ = 4.4 and 11.7 MeV arise from incomplete
summing of emitted γ-rays from 11B(p, γ)12C. These two peaks are more defined with the
incorporation of the veto signal. The peak at Eγ = 5.6 MeV arises from
2H(p, γ)3He. The
source of the intensity at Eγ = 6.8 MeV is unknown, and is also visible in no-beam background
pulse-height spectra. The green dashed line signifies the location of the state of interest, Ex
= 11831 keV, which is clearly not observed.
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5.2 Data Set 2
5.2.1 Introduction
With the higher sensitivity afforded by the use of cleaner targets, a second set of data were
recorded. The measurement took place from February to April, 2011. In total, 16 targets were
produced using the Cerac, Inc., Na2WO4 material and the new LENA oil-free evaporator. The
HPGe-NaI(Tl) detection system was primarily used for data collection. To boost the signal
as much as possible with respect to environmental backgrounds, data were only collected with
beam currents in excess of 1000 µA on target. On-resonance data were acquired at Elabp =
148.0 keV, accumulating 235.9 C of charge over nine targets. A short run (11.7 C) at Elabp
= 147.0 keV was taken using one of the nine targets. In total, 247.6 C of on-resonance data
were accumulated in 61.15 h with an average beam current of 1125 µA. Additionally, 141 C of
off-resonance data were acquired at Elabp = 138 keV, using five targets with an average beam
current of 1160 µA. When the accelerators were off, the data acquisition system continued to
run in order to monitor the environmental background. In all, 11.3 days of background data
was collected over the dates, 26 March 2011 to 14 April 2011.
5.2.2 Observations
Figure 5.4 displays the HPGe singles spectra for the on-resonance data from sets 1 (black)
and 2 (red). Data set 1 has been gain matched and normalized to the run time of data set 2
for comparison purposes. Since beam induced background increases with the collected charge
and not with time, and since the rate of collection was 1.7 times greater in data set 2, the
reduction in beam-induced background is even greater than it appears. The improvement in
sensitivity in data set 2 is obvious, with drastic reduction in beam-induced contamination
from the 11B(p, γ)12C and 2H(p, γ)3He reactions. However, with this increased sensitivity,
γ-rays from the Elabr = 151 keV resonance of the
18O(p, γ)19F reaction were observed. For
this reason, no attempt was made to probe energies higher than Elabp = 148 keV. Figure 5.5
displays the coincidence spectra for a two-dimensional energy gate of 3 < EGe + ENaI < 12
MeV for data sets 1 (black) and 2 (red). Again, a decrease in contamination was observed, but
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contamination from 18O(p, γ)19F was more apparent since the background from 11B(p, γ)12C
and 2H(p, γ)3He was reduced. Notice that only two peaks of 2H(p, γ)3He are visible in Figure
5.5. These correspond to the single and double escape peaks of the 5.6 MeV full-energy
peak. The 5.6 MeV peak is not visible since it is a single site event. The 11.7 MeV line of
11B(p, γ)12C is not visible since it exceeds the high energy bound of the two-dimensional gate.
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Figure 5.4: Comparison of on-resonance HPGe singles pulse-height spectra from data sets
1 (black) and 2 (red), depicting the improvement in sensitivity of data set 2 from targets
made with purer Na2WO4 using the new LENA evaporator. Data set 1 was acquired with
148 keV proton beam incident on three Na2WO4 targets produced by the TUNL evaporator,
and has been normalized to the run time of data set 2 for comparison purposes. Data set
2 was acquired with Elabp = 147 and 148 keV beam for 61.15 h with an accumulated charge
of 247.6 C using nine targets. Data set 2 shows no evidence of the 2H(p, γ)3He reaction at
5.6 MeV. The boron content of the new targets has been reduced, but there is still evidence
of the 11B(p, γ)12C reaction at 4.4 and 11.7 MeV. With these reductions, the 18O(p, γ)19F
reaction becomes evident at 4.2 MeV, but with small intensity.
The top spectrum of Figure 5.6 displays the coincidence spectrum of the on-resonance
data (set 2) with a two-dimensional gate of 3 < EGe + ENaI < 12 MeV. Evidence for signals
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Figure 5.5: Comparison of on-resonance coincidence pulse-height spectra for data sets 1
(black) and 2 (red) with a two-dimensional energy gate of 3 < EGe + ENaI < 12 MeV.
The improvement in sensitivity of data set 2 is depicted since targets were made of purer
Na2WO4 using the new LENA evaporator. Data set 1 was acquired with 148 keV proton
beam incident on three Na2WO4 targets produced by the TUNL evaporator, and has been
normalized to the run time of data set 2 for comparison purposes. Data set 2 was acquired
with Elabp = 147 and 148 keV beam for 61.15 h with an accumulated charge of 247.6 C using
nine targets. The deuterium contamination was eliminated in the targets of data set 2. The
two peaks from 2H(p, γ)3He in data set 1 correspond to the single and double escape peaks
of the 5.6 MeV full-energy peak, which is not visible since it is a single site event. The boron
contamination was reduced. The full-energy peak of the 11.7 MeV line of 11B(p, γ)12C is
not visible since it exceeds the high energy boundary of the two-dimensional gate. The peak
shown (middle arrow) corresponds to the single escape peak of the 11.7 MeV full-energy peak.
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appear at Eγ = 1369 keV and 2754 keV, corresponding to the 1 → 0 and 2 → 1 transitions,
respectively, in 24Mg. Although these γ-rays originate from de-excitations in 24Mg, at least
a portion of their intensities do not arise from the 23Na(p, γ)24Mg reaction at all, but instead
originate from cosmogenically produced neutrons, e.g., via muon interactions. These neutrons
interact with the NaI(Tl) detector producing 24Na via the 23Na(n, γ)24Na reaction. The half-
life of 24Na is T1/2 = 14.997(12) h and has a Q-value of Qβ− = 5515.45(8) MeV [Fir07].
Figure 5.7 shows a level diagram of the 24Na β−-decay. Nearly 100% of the feeding from the
β−-decay populates the second excited state in 24Mg. This state decays to the first excited
state with 100% probability. Since this decay emits two γ-rays in coincidence, it exactly
mimics the desired signal in 23Na(p, γ)24Mg.
The identification of these lines as originating at least in part from the decay of 24Na was
verified by the beam-off background spectra, which were collected over a total elapsed time
of 11.3 d. The top spectrum of Figure 5.8 shows the coincidence spectrum of the background
data with a two-dimensional energy gate of 3 < EGe + ENaI < 12 MeV. The 1369 keV and
2754 keV lines are clearly visible in the background spectrum. Since the peaks appear in
both beam-on and beam-off data, they are not associated with 23Na(p, γ)24Mg, but most
likely from 23Na(n, γ)24Na.
Using energy considerations, it was possible to remove the contribution of 24Na β−-decay
in the coincidence spectrum by placing a more restrictive lower bound on the two-dimensional
coincidence energy gate. The bottom panel of Figure 5.6 (Figure 5.8) displays the coincidence
spectrum of the on-resonance (background) data (set 2) with a two-dimensional energy gate
of 5 < EGe+ENaI < 12 MeV. Since the lower boundary of the gate is near the Q-value of the
24Na β−-decay, its contribution was essentially eliminated. Thus, any residual counts in the
Eγ = 1369 keV region above background must correspond to events from
23Na(p, γ)24Mg. The
above argument holds for the removal of 208Tl in the 5 < EGe +ENaI < 12 MeV coincidence
spectrum, since it has a Q-value of 5 MeV.
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Figure 5.6: Coincidence pulse-height spectra of the on-resonance data for set 2 with two-
dimensional energy gates of 3 < EGe+ENaI < 12 MeV (top) and 5 < EGe+ENaI < 12 MeV
(bottom). Data were acquired with 147 - 148 keV proton beam over nine Na2WO4 targets,
produced by the new LENA evaporator, for an accumulated charge of 247.6 C. Indicated by
the red dashed lines are the signals at Eγ = 1369 keV from the 1 → 0 transition in 24Mg,
and at Eγ = 2754 keV from the 2→ 1 transition. The blue arrows represent the full-energy
(right), single (middle), and double (left) escape peaks from the Eγ = 2614 keV γ-ray of
208Tl.
Note that 208Tl is eliminated from the bottom spectrum since the lower energy bound of the
gate exceeds the Q-value of the 208Tl β-decay. The same argument pertains for removing the
24Na β-decay. An excess of counts at Eγ = 1369 keV may be visible after eliminating the
24Na contribution with the more restrictive coincidence condition, 5 < EGe+ENaI < 12 MeV.
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Figure 5.7: Energy level diagram of the 24Na β−-decay. Radioactive 24Na has a half-life of
15 h and Q-value of 5.5 MeV, and decays by feeding the second excited state of 24Mg nearly
100% of the time, which subsequently decays via a two γ-ray cascade through the first excited
state, exactly mimicking the signal sought in 23Na(p, γ)24Mg.
5.2.3 Analysis
Initially, data set 1 was fully analyzed before the second attempt to measure 23Na(p, γ)24Mg.
Since no clear signal was observed in the first data set, no conclusive strength could be claimed
for the Ecmr = 138 keV resonance. Instead, a limit was placed on the strength and new reaction
rates were computed. The new value of the upper limit for the resonance, ωγul(138 keV) ≤
21 neV, was a reduction by a factor of 7 from the previous limit [Row04b]. This new upper
limit reduced the 23Na(p, γ)24Mg median reaction rate uncertainty from a factor of 28 to a
factor of 18 at T9= 0.07. However, it was clear that if a higher sensitivity could be achieved,
then a further reduction in the uncertainty would certainly result.
Since the targets used for data set 2 were dramatically cleaner than those of data set 1,
the two data sets were not combined. Thus, the final results were derived from the analysis
of data set 2 only. Spectra were compiled for on-resonance, off-resonance, and background
runs as shown in Section 5.2.2. Table 5.1 displays information on each data subset for set
2. For comparison purposes, the background data were normalized to the run time of the
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Figure 5.8: Coincidence pulse-height spectra of the background data taken with two-
dimensional energy gates 3 < EGe + ENaI < 12 MeV (top) and 5 < EGe + ENaI < 12
MeV (bottom). Data were acquired with beam off for a time of 11.3 days. The red dashed
lines indicate the regions of the 1369 keV and 2754 keV signals from the 1 → 0 and 2 → 1
transitions, respectively, in 24Mg, arising from β−-decay of 24Na. Both are clearly visible
in the top spectrum. However, they are eliminated from the bottom spectrum by energy
considerations and a more restrictive coincidence condition.
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on-resonance data, and the off-resonance data were normalized to the charge collected of the
on-resonance data. The normalization factors were 0.2258 and 1.7574, respectively.
Table 5.1: Parameters of the on-resonance, off-resonance, and background data from set 2.
Subset Proton Energy Time Time Charge Norm. Factor
(keV) (s) (h) (C)
On-resonance 148.0a 220141 61.2 247.63 -
Off-resonance 138.0 121322 33.7 140.91 1.7574b
Background - 974804 270.8 - 0.2258c
aAn small amount of the total charge, 11.7 C, was incident at 147.0 keV.
bThe off-resonance data were normalized by the accumulated charge of the
on-resonance data.
cThe background data were normalized by the run time of the on-resonance
data.
Since there was no clear evidence of a signal at Eγ = 1369 keV in the on-resonance HPGe
singles spectrum, attention was focused on the coincidence spectra. As shown in the top
spectrum of Figure 5.6, there is clear evidence for a signal in the region of interest, but
this can be attributed to 24Na. Thus, more restrictive coincidence cuts were necessary to
remove any contribution for 24Na, by increasing the lower bound of the energy gate. A 5
< EGe + ENaI < 12 MeV window was used for this analysis, with the lower boundary value
just less than the Q-value energy of the 24Na β− decay.
Bayesian Approach to Determine the Number of Signal Counts
A method employing Bayesian statistics was used to extract an upper limit on the number
of signal counts in the region of interest, 1369 keV. An analytic method to find the signal
intensity in a region with background (uncertainty incorporated) using Bayesian statistics,
is described in detail in Reference [Zhu07], but is summarized below. The formalism of this
method was coded by Richard Longland using the R-statistical package.
Assume s is the number of unknown signal events, b is the number of background events
in the signal region, and n is the number of observed events (s + b) in the signal region.
The conditional probability density function (PDF) of observing n events with a signal s is
denoted by p(n|s). A prior PDF, π(s), is assumed for the unknown signal and reflects previous
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knowledge of the signal parameter. The posterior PDF, as defined by Bayes’ theorem, can be
written as
h(s|n) = p(n|s)π(s)∫∞
0 p(n|s)π(s)ds
. (5.1)
The Bayesian confidence level (CL) for the signal, can be calculated by integrating the pos-
terior PDF from 0 to the specified level as
CL =
∫ SUP
0
h(s|n)ds. (5.2)
The number of counts is represented as a Poisson variable with a mean number of counts per
channel, (s+ b). Thus, the conditional PDF for observing n counts is given by
p(n|s) = e−(s+b) (s+ b)
n
n!
. (5.3)
The corresponding prior PDF can be written as
π(s) ∝ 1
(s+ b)m
, s ≥ 0, 0 ≤ m ≤ 1. (5.4)
For m = 1/2, the prior provides reasonable mean coverage for the confidence interval and
upper limit for the Poisson observable, and was used in this analysis.
Two types of uncertainties relating to the background selection were incorporated into the
formalism. The background distribution was represented by a Gaussian function, fb′(b, σb),
with mean, b, and standard deviation, σb. The background data on both sides of the signal
region were linearly fit. The uncertainty in the fit represents one source of uncertainty in the
background model. The other source results from statistical fluctuations in the background,
represented as
√
b. These two sources of uncertainty were added in quadrature, representing
the overall uncertainty in the background signal, σb. The PDF defining the background was
incorporated into the Bayesian formalism via
q(n|s)b =
∫ ∞
0
p(n|s)b′fb′(b, σb)db′. (5.5)
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With the inclusion of systematic uncertainties, the posterior PDF can be rewritten as
h(s|n) = q(n|s)bπ(s)∫∞
0 q(n|s)bπ(s)ds
. (5.6)
The upper limit of the number of signal events can be obtained for a particular confidence
level by integrating the posterior function, as indicated in Equation 5.2.
The background model was based on regions of about 150 keV width on either side of the
expected peak location (excluding the line at Eγ = 1357 keV arising from the
18O(p, γ)19F
reaction). This selection was dictated by the locations of surrounding background lines that
were not included since the background varies smoothly in the region of interest. However,
the number of signal counts could be influenced by the regions selected to compute the
background. To explore whether this was indeed the case, the background was randomly
sampled for 10 channels on each side of the expected signal region and the frequency of signal
counts was calculated. Figure 5.9 shows the frequency of net signal counts for 1000 samples,
using the on-resonance data with a 5 < EGe + ENaI < 12 MeV coincidence gate for a 95%
confidence level. The frequency distribution was well represented by a Gaussian function
with a mean value of 48.0 signal counts and a standard deviation of 3.5. There was excellent
agreement with the value of 47.9 signal counts obtained when using two ∼150 keV regions for
the background fit. The random background results suggested that the background region
was large enough to sample sufficiently the fluctuations that were observed, and that the
number of signal counts were not strongly influenced by the choice of background.
The Bayesian analysis was performed for several coincidence conditions of the on-resonance,
off-resonance, and background data of set 2. The same background and signal ranges were
selected for specified confidence intervals for all data sets. A more expanded view of the 1369
keV region for the 3, 5, and 5.5 < EGe + ENaI < 12 MeV energy gates of the on-resonance
data is shown in Figure 5.10. The red (blue) regions correspond to the selected signal (back-
ground) region(s). Just to the left of the signal region is a beam-induced contaminant from
the 18O(p, γ)19F reaction. Background selection in this region was avoided. Figures 5.11 and
5.12 show similar plots of the beam-off background and off-resonance pulse-height spectra,
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Figure 5.9: Frequency plot of the net number of signal counts (95% CL) calculated for the
1369 keV region when the background on either side of the signal is sampled randomly, for
1000 sample trials. The pulse-height spectrum analyzed was obtained for the 23Na(p, γ)24Mg
on-resonance coincidence data (set 2) with a gate of 5 < EGe+ENaI < 12 MeV. The frequency
of signal counts is fit with a Gaussian function yielding 48.0 mean signal counts and standard
deviation of 3.5 counts. There is excellent agreement with 47.9 signal counts obtained when
two ∼150 keV background regions are selected on either side of the expected signal.
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respectively, for 3, 5, and 5.5 < EGe + ENaI < 12 MeV coincidence gates.
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Figure 5.10: On-resonance coincidence spectra for 3, 5, and 5.5 < EGe + ENaI < 12 MeV
energy gates. Protons at 147 and 148 keV were accumulated for 247.6 C using nine Na2WO4
targets. The regions in red (blue) correspond to the signal (background) region(s) selected
for analysis by a Bayesian technique. By increasing the lower bound of the gate, the presence
of the signal from 24Na is reduced, at the expense of detection efficiency. At 5 MeV, the 24Na
signal is removed. To the left of the signal region at 1357 keV is evidence of the beam-induced
contaminant reaction, 18O(p, γ)19F.
The net signal count intensities were calculated by integrating the posterior distribution
from 0 to the specified confidence level, and are listed in Table 5.2. The corresponding pos-
terior distributions are shown in Figure 5.13, where the black, red, and blue lines correspond
to the on-resonance, off-resonance, and background data, respectively.
For the two-dimensional gates with a lower bound of less than 5 MeV, the posterior
distributions of all data subsets show evidence for a signal, which arises from the β−-decay
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Figure 5.11: Background coincidence spectra for 3, 5, and 5.5 < EGe + ENaI < 12 MeV
energy gates. The spectra have been normalized to the on-resonance run time of 61.15 h. The
regions in red (blue) correspond to the signal (background) region(s) selected for analysis by
a Bayesian technique. By increasing the lower bound of the gate, the presence of the signal
from 24Na is reduced, at the expense of detection efficiency. At 5 MeV, the 24Na signal is
removed.
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Figure 5.12: Off-resonance coincidence spectra for 3, 5, and 5.5 < EGe + ENaI < 12 MeV
energy gates. The spectra have been normalized to the on-resonance accumulated charge of
247.6 C. The regions in red (blue) correspond to the signal (background) region(s) selected
for analysis by a Bayesian technique. By increasing the lower bound of the gate, the presence
of the signal from 24Na is reduced, at the expense of detection efficiency. At 5 MeV, the 24Na
signal is removed.
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Table 5.2: Upper limit of the number of net signal counts for the 1369 keV region for several
different confidence intervals of the on-resonance, off-resonance, and background data of set
2. The upper limits were calculated by integrating the posterior distribution from zero to the
specified confidence level.
Confidence Level (%)
Coincidence gate (MeV)a Spectrumb 68 90 95 99.7
3 – 12 On 56.8 73.2 80.5 100.8
Off 49.6 65.1 72.0 91.2
Back 51.3 67.1 74.1 93.7
3.5 – 12 On 61.0 76.2 82.9 102.2
Off 45.0 59.1 65.3 82.9
Back 47.5 61.9 68.2 86.2
4 – 12 On 53.6 67.5 73.6 91.3
Off 46.1 59.3 65.1 81.8
Back 39.6 52.6 58.4 74.7
4.5 – 12 On 40.2 52.9 58.5 74.6
Off 31.9 43.7 49.0 63.8
Back 23.3 34.4 39.3 52.5
5 – 12 On 31.2 42.7 47.9 62.3
Off 17.3 26.9 31.2 41.2
Back 16.4 25.8 30.0 39.3
5.5 – 12 On 29.5 40.2 44.9 58.5
Off 11.1 18.6 22.1 29.7
Back 13.5 21.7 25.3 32.4
aFor example, 3 – 12 MeV refers to 3 < EGe + ENaI < 12 MeV.
bPulse-height spectrum used for analysis, e.g., ‘On’ refers to on-resonance.
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Figure 5.13: Posterior distributions for the net signal intensity in the region of interest (Eγ
= 1369 keV). Each plot was obtained for a particular coincidence energy gate of the on-
resonance, off-resonance, and background data subsets in black, red, and blue, respectively.
The same background and signal regions were chosen to compute all posterior distributions
(see Figures 5.10, 5.11, and 5.12). With a 3 < EGe+ENaI < 12 MeV gate, all data sets show
a peak, arising from 24Na. As the lower boundary of the coincidence gate is increased, the
off-resonance and background posterior distributions become more consistent with zero, but
the on-resonance distribution remains removed from zero. With a 5 < EGe+ENaI < 12 MeV
gate, the contribution from the 24Na is removed because of Q-value considerations.
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of 24Na (Section 5.2.2). As the lower bound of the gate is increased to 5 MeV, the signal
counts of the off-resonance and background data become more consistent with zero. However,
the mean number of counts for the on-resonance data is still shifted from zero. In order to
determine how far the peak of the posterior was removed from zero, it was integrated in a
top-down manner, that is, from the most probable value to the left and right, keeping the
area on both sides of the most probable point the same . At 90% coverage, the distribution
is removed from zero. However, at the 2 − σ level (95%) the distribution is consistent with
zero. Since the counts included zero at the 95% level, this did not correspond to a firm
detection. However, there was preference for a signal at the 90% level. The value for the
signal was obtained from the most probable value of the distributions, i.e., the mode. The
uncertainty corresponds to 1− σ bounds (68% coverage) from the most probable value. The
number of signal counts of the on-resonance, 5 < EGe + ENaI < 12 MeV data amounted to
Nγ = 23.7 ± 13.5. Figure 5.14 shows the posterior distribution with both coverage selections
for the on-resonance, 5 < EGe + ENaI < 12 MeV coincidence gate. Based on these results, a
new resonance strength was calculated.
New Ecmr = 138 keV Resonance Strength
To calculate the resonance strength from a measured experimental yield, Equations 4.2 and
3.2 are rearranged and solved for ωγ,
ωγ =
2
λ2r
εcmeff
NCγ (1369→ 0)
NbηGe,P
1
fγ(B, ηNaI,T ,W )
(5.7)
where B, η, and W have been replaced by fγ(B, η
NaI,T ,W ) or fγ , the coincidence efficiency
of the HPGe-NaI(Tl) detection system for measuring a Eγ = 1369 keV γ-ray from the 1→ 0
transition in 24Mg. See Section 3.2.3 for more detail. The mean coincidence efficiency, based
on the decay of 36 states (above 9.0 MeV excitation energy, with ground state branch less
than 47%, and with greater than 27% total branching known), of detecting the 1369 keV
γ-ray is fγ = 0.379(66) for an energy gate of 5 < E
Ge + ENaI < 12 MeV. The uncertainty is
based on the standard deviation of the fγ values of these 36 states. The angular correlation
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Figure 5.14: Posterior distribution for the number of signal counts in the 1369 keV region of
the on-resonance coincidence spectrum with an energy gate of 5 < EGe+ENaI < 12 MeV. This
is the same distribution as shown in black of Figure 5.13 (bottom left). The distribution was
integrated from the most probable point to the left and right, keeping both areas equal to each
other i.e., top-down, with the coverage probability indicated. With 90% coverage probability,
the number of net signal counts is removed from zero, which indicates a preferential value for
the signal. The number of signal counts with 1 − σ bounds (68% coverage probability) was
Nγ = 23.7 ± 13.5, and was used to calculate the strength for the resonance.
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is assumed to be W = 1. The effective stopping power of a Elabp = 144 keV hydrogen ion
interacting with a Na2WO4 target is ε
cm
eff = 6.44(30) × 10−14 eV cm2/atom. The uncertainty
assumes 5% uncertainty in the stopping powers of each element, and 5% uncertainty in the
number density of each element. The peak efficiency of detecting a 1369 keV γ-ray with
the HPGe detector is ηGe,P = 0.0393(20). The number of protons incident on target, Nb, for
247.6 C of accumulated charge is 1.546(46)×1021 . This assumes a 3% uncertainty in the total
charge collection. Based on the number of net counts extracted from the 5 < EGe + ENaI <
12 MeV coincidence spectrum, NCγ (1369 → 0) = 23.7 ± 13.5, the resonance strength is
ωγ(138keV) = 2.15± 1.29 neV.
To date, this value is smaller than any (p, γ) resonance strength reported in the literature2.
The reduction in the resonance strength from the previous upper limit is a factor of 70. Based
on this result, a new 23Na(p, γ)24Mg rate was calculated, which is described in Chapter 6.
Since the signal strength was marginal, an upper limit to the resonance strength was
also computed. An expression similar to Equation 5.7 was used for the calculation, but
was modified to include both the possible contribution of a ground state transition and the
contribution of gamma cascades through the first excited state. The form of the equation
then becomes
ωγ ≤ 2
λ2r
εeffcm
1
Nb
[
NVγ (R→ 0)
ηGe,Pγ (R→ 0)
+
NCγ (1369→ 0)
ηGe,Pγ (1369 → 0)
1
fγ
]
(5.8)
where the first term in brackets corresponds to the contribution from a ground state transition,
R→ 0, and the second term corresponds to the contributions from gamma cascades through
the first excited to ground state transition, 1369 → 0. The number of signal counts in the
Eγ = 11831 region for the ground state transition was obtained using the Bayesian technique
on the HPGe pulse-height spectrum with incorporation of the plastic scintillator veto signal.
Figure 5.15 shows the cosmic-ray muon vetoed HPGe signals spectrum. The 11.7 MeV line
2The Laboratory for Underground Nuclear Astrophysics, LUNA, reports a new measurement of the Ecmr
= 92 keV resonance in 25Mg(p,γ)26Al with a strength of ωγ = 0.3 neV, however this result has not yet been
published [Ili11b].
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from 11B(p, γ)12C is apparent. The regions in red (blue) correspond to the signal (background)
regions(s) selected for the Bayesian analysis3. The number of signal events at 95% CL was
NVγ ≤ 3. The peak efficiency for detection of a 11831 keV γ-ray with the HPGe detector is
ηGe,Pγ = 0.00484. The number of signal events in the 5 < EGe + ENaI < 12 MeV coincidence
spectrum is NCγ ≤ 47.9 at 95% confidence level. The upper limit to the resonance strength is
ωγul(138keV) ≤ 5.17 neV representing, a reduction of the previous upper limit by a factor of
29. The reaction rate was also calculated using this upper limit for the resonance strength.
A strength of this magnitude, based on the guidelines set by Hale et al. [Hal04], rules out
the possibility of s- and p-wave (lp = 0 and 1) proton orbital angular momentum transfer to
excite the 11831 keV state in 24Mg (see Section 2.4.2)4.
3Doppler shift and nuclear recoil effects were considered in selection of the signal region
4If lp = 2 is assumed, the spin and parity of the Ex = 11831 keV state can be J
pi = (0,1,2,3,4)+ . Even
though lp-transfer is better constrained, the resonance spin remains ambiguous.
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Figure 5.15: On-resonance HPGe veto spectrum for the 11831 keV region. The regions in
red (blue) correspond to the signal (background) region(s) selected for analysis by a Bayesian
technique. The number of signal counts with 95% CL was 3.
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6 23Na + p Reaction Rates
As mentioned in Chapter 1, the ultimate goal for this thesis was to reduce the uncertainty
of the 23Na(p, γ)24Mg thermonuclear reaction rate at temperatures relevant for stellar burning
environments in RGB stars, AGB stars, and classical novae. Reaction rates were calculated
using a new Monte Carlo method [Lon10b], in which each parameter included in the reaction
rate calculation was sampled with a probability density function (PDF). For instance, a
Gaussian PDF was used to describe resonance energies, a lognormal distribution was used for
resonance strengths and partial widths, and a Porter-Thomas distribution was used for upper
limits of resonance strengths. The total reaction rate was calculated by generating a random
number according to the PDF for each input quantity. The process was repeated thousands of
times to obtain a statistically significant lognormal PDF for the reaction rate. In the following
chapter, the input needed to perform the calculations and rates for the 23Na(p, γ)24Mg and
23Na(p, α)20Ne reactions are presented.
6.1 Probability Density Functions
The following section describes the probability density functions used to represent the various
nuclear quantities that enter into the calculation for the reaction rate. For more information
on the distributions defined here, see any book on statistics, such as Reference [Cow98].
6.1.1 Gaussian Distribution
For a continuous random variable, x, the Gaussian (normal) probability density function is
defined by
f(x;µ, σ2) =
1√
2πσ2
e
−(x−µ)2
2σ2 (6.1)
where µ and σ2 represent the mean and variance, respectively, of x. The expectation value
and variance can be written in terms of µ and σ2 as
E[x] =
∫ ∞
−∞
xf(x)dx = µ, V [x] =
∫ ∞
−∞
(x− µ)2f(x)dx = σ2. (6.2)
The central limit theorem states that if a random variable, z, is the sum of many terms, then
it is distributed as a Gaussian distribution. In the case of resonance energies, the overall
uncertainty is given by a sum of many small contributions, such as calibration, target effects,
measured yield, etc. Therefore, it is reasonable to use a Gaussian PDF to describe resonance
energies.
6.1.2 Lognormal Distribution
For a continuous Gaussian variable y with a mean µ and a variance σ2, x = ey is represented
as a lognormal distribution, given by
f(x) =
1√
2πσ2
1
x
e
−(lnx−µ)2
2σ2 (6.3)
where the expectation value and variance are given in terms of µ and σ2 by
E[x] = eµ+
1
2
σ2 , V [x] = e2µ+σ
2
[eσ
2 − 1]. (6.4)
The advantage of using a lognormal distribution is that for a random variable, x, it is defined
only for positive values, 0 < x <∞, thus ensuring that observables measured in the laboratory
are kept physical. For example, a negative resonance strength is unphysical. Also, according
to the central limit theorem, if the random variable, z, is given by the product of many terms
then it is distributed as a lognormal distribution. Since a resonance strength is the product
(and quotient) of the effective stopping power, the number of detected particles, DeBroglie
wavelength, beam particles, branching ratio, detection efficiency, and angular correlation, it
can be described by a lognormal distribution.
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6.1.3 Chi-square Distribution
The Chi-square distribution depends on the number of degrees of freedom, n. If n = 1, it is
called a Porter-Thomas distribution and is represented by
f(x) =
1√
2πx
e
−x
2 (6.5)
over the continuous variable, x (0 ≤ x < ∞). The expectation value and variance are fixed
as
E[x] = n = 1, V [x] = 2n = 2. (6.6)
Upper limits of resonance strengths are described by Porter-Thomas distributions in the
following manner. The upper limit of the resonance strength, ωγul, is determined by the
upper limit of the proton partial width, Γp,ul, since ωγul ≈ ωΓp,ul for a low-energy resonance.
The upper limit Γp,ul is converted to an upper limit of the dimensionless reduced width θ
2
p,ul
via Equation 2.31. The PDF for θ2p,ul is represented by a Porter-Thomas distribution with a
mean value of
〈
θ2p
〉
= 0.0045 [Lon10b].
6.2 23Na(p, γ)24Mg Reaction Rate
The calculation of the reaction rates was performed using the formalism of Chapter 2 with
a Monte Carlo code, RatesMC [Lon10b]. The reaction rate is represented as a lognormal
function with the 0.16, 0.50, and 0.84 quantiles of the cumulative PDF defined as the low,
median, and high values of the reaction rate, respectively. The rate limits between the 0.16
and 0.84 quantiles correspond to a 68% coverage of the cumulative distribution and represent
the uncertainty of the rate.
6.2.1 Nonresonant Contribution
The nonresonant contribution to the 23Na(p, γ)24Mg rate is dominated by direct capture.
The direct capture cross section can be calculated from knowledge of spins and spectroscopic
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factors for states in 24Mg and can be written as
σDCtotal =
∑
j
∑
lilf
C2Sj(lf )σ
DC
calc,j(li, lf ) (6.7)
where the first summation is over all final bound states, j, of the compound nucleus, the
second summation is an incoherent sum over all orbital angular momenta, li, of the initial
scattering state and, lf , of the final bound state. The calculated cross section σ
DC
calc,j can be
obtained from a single particle potential model. The total S-factor can be described by a
lognormal PDF, with σ = 0.4 [Ili04] and can be fit with a 2nd-order polynomial in order to
obtain the coefficients for the expansion of the S-factor from Equation 2.12. Represented in
this form, the 23Na(p, γ)24Mg S-factor for the direct capture contribution amounts to
S(E) ≈ 24.8 − 7.31E + 1
2
6.42E2 (keV · b) (6.8)
with a cutoff energy of 1100 keV [Ili10a].
6.2.2 Resonant Contribution
Narrow Resonances
Resonances were sampled as lognormal distributions. The resonant contribution to the rate
was composed of 55 resonances from threshold up to Ecmr = 2256 keV. Of these 55 resonances,
two strengths were calculated as upper limits and will be addressed below. For detailed
information see Reference [Ili10b]. Since the signal was marginal for the Ecmr = 138 keV
resonance, the rates were calculated in two ways; first, by considering a value and uncertainty
for the resonance strength, and second, by employing an upper limit for the strength. Both
sets of rates and uncertainties will be presented.
Subthreshold and Broad Resonances
For this reaction no significant interference of resonances occurs from broad or subthreshold
resonances. Also, the contribution of subthreshold resonances is negligible compared to direct
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capture [Ili10b].
Upper limits
Upper limits for the Ecmr = 37 keV and 167 keV resonances were represented by Porter-
Thomas distributions. The reaction rate contribution of the Ecmr = 37 keV resonance was
numerically integrated since Γ >> ∆ (see Section 2.1.2), and the Ecmr = 167 keV resonance
was treated as a narrow resonance. As mentioned above, the Ecmr = 138 keV resonance
strength was treated both as an upper limit, ωγul(138 keV), and as a value with an associated
uncertainty, ωγ(138 keV).
6.2.3 Total Reaction Rate
Rate assuming a value and uncertainty for the Ecmr = 138 keV resonance strength
The input file for the calculation of the 23Na(p, γ)24Mg rate is given in Section A.1.1. The
Ecmr = 138 keV resonance is listed in the ‘Resonant Contribution’ section, using the strength
measured from this work, ωγ(138 keV) = 2.15 ± 1.29 neV. A point is worth mentioning here.
The way RatesMC interprets this value is with 2.15 as the mean value and 1.29 as
√
V [x]
for a lognormal distribution. However, the signal value and uncertainty of the number of
counts was obtained as the most probable value of the posterior distribution, i.e., the mode
of the distribution, with 1−σ bounds for the uncertainty as per the analysis in Section 5.2.3.
Ideally, the signal distribution should be sampled over, however, RatesMC does not have
the capability to accept a user defined PDF. The effect of using the mode value is small,
but is mentioned nonetheless. The inclusion of this resonance in the ‘Resonant Contribution’
section (and its removal from ‘Upper Limits of Resonances’ ) is the only major difference
compared to the input file from Reference [Ili10a].
The total reaction rate as calculated by RatesMC for the 23Na(p, γ)24Mg reaction is
listed in Table B.1 of Section B.1.1. The first column indicates the temperature in GK, the
second, third, and forth columns represent the low (0.16 quantile), median (0.50 quantile),
and high (0.84 quantile) rates, respectively. The fifth and sixth columns represent µ and σ
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for the lognormal distribution of the rate. Column seven represents the Anderson-Darling
test statistic, which measures the reliability of the lognormal approximation [Ili10b].
The 68% uncertainty belt for the rate is shown in Figure 6.1. The black curve represents
the uncertainty of the rate based on previous results [Ili10b]. The red curve represents the
uncertainty of the rate assuming a measured value and uncertainty for the strength of ωγ(138
keV) = 2.15 ± 1.29 neV for the Ecmr = 138 keV resonance (see Section 5.2.3). The drastic
reduction in the uncertainty of the rate is obvious. The maximum uncertainty of the previous
rate was a factor of 28 at T9 = 0.07. The uncertainty now is a factor of 2.7, representing an
improvement by a factor of 10.
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Figure 6.1: The 23Na(p, γ)24Mg reaction rate uncertainty versus temperature. The black
curve corresponds to the previous uncertainty [Ili10b]. The red curve corresponds to the
present uncertainty, with the inclusion of the resonance strength, ωγ = 2.15 ± 1.29 neV, for
Ecmr = 138 keV. Notice the reduction in rate uncertainty by a factor of 10 near T9 = 0.07.
The major contributions to the 23Na(p, γ)24Mg reaction rate are shown in Figure 6.2. In
comparing this plot with that of Figure 2.6, the Ecmr = 138 keV resonance is now less of a
contributor to the total rate. Direct capture dominates the rate from T9 = 0.01 – 0.055. The
Ecmr = 138 keV, 240 keV, and 295 keV resonances dominate in the regions T9 = 0.055 – 0.095,
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0.095 – 0.13, and 0.13 – 1.5, respectively.
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Figure 6.2: Fractional contributions to the 23Na(p, γ)24Mg reaction rate using a strength of
ωγ(138 keV) = 2.15 ± 1.29 neV for the Ecmr = 138 keV resonance. Direct capture dominates
the rate from T9 = 0.01 – 0.055. The E
cm
r = 138 keV, 240 keV, and 295 keV resonances
dominate in the regions T9 = 0.055 – 0.095, 0.095 – 0.13, and 0.13 – 1.5, respectively. The
Ecmr = 138 keV resonance now contributes less to the total rate compared to the previous
rate [Ili10b].
In addition to the reduction of the 23Na(p, γ)24Mg reaction rate uncertainty, the rate itself
has been reduced as a result of a smaller Ecmr = 138 keV resonance strength. Figure 6.3 shows
the magnitude of the median rate reduction with respect to the previous median rate [Ili10b]
versus temperature. The rate has been reduced by a factor of 15 at T9 = 0.07, where the
Ecmr = 138 keV resonance dominates the rate, and by lesser amounts over the temperature
range T9 = 0.04 – 0.15, corresponding to the temperatures of shell H-burning in RGB stars,
hot bottom burning in AGB stars, and explosive H-burning in classical novae.
136
Temperature (GK)
R
at
e 
re
du
ct
io
n 
fa
ct
or
10−2 10−1 100 101
2
4
6
8
10
12
14
Figure 6.3: The 23Na(p, γ)24Mg median reaction rate reduction factor versus temperature
with respect to the previous median rate [Ili10b] for a strength of ωγ(138 keV) = 2.15 ± 1.29
neV for the Ecmr = 138 keV resonance. The rate has been reduced by a factor of 15 at T9 =
0.07 and less amounts over the temperature region, T9 = 0.04 – 0.015.
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Rate assuming an upper limit on the Ecmr = 138 keV resonance strength
The input file for calculation of the 23Na(p, γ)24Mg rate is shown in Section A.1.2. The Ecmr
= 138 keV resonance is listed in the ‘Upper Limits of Resonances’ section, using the upper
limit measured strength from this work, ωγul(138 keV) ≤ 5.17 neV. A limit of this magnitude
excludes l = 0 and 1 (s- and p-wave) proton orbital angular momentum transfer. Thus, with
l = 2 (d-wave) protons, Jpi = 0+ is assumed for the 11831 keV state. The proton partial
width for these conditions amounts to Γp ≤ 41.4 neV.
Results for the total rate, as calculated by RatesMC, for the 23Na(p, γ)24Mg reaction
are listed in Table B.2 of Section B.1.2. The 68% uncertainty band of the rate is shown in
Figure 6.4. The black curves represent the uncertainty of the rate based on previous results
[Ili10b]. The red curves represent the uncertainty of the rate with the inclusion of the Ecmr =
138 keV resonance strength as an upper limit, ωγul(138 keV) ≤ 5.17 neV. At T9= 0.07, the
present uncertainty is a factor of 7.8, a reduction from the previous uncertainty by a factor of
3.6. Plotted for comparison purposes is the uncertainty of the rate using the strength, ωγ(138
keV) = 2.15 ± 1.29 neV, for the Ecmr = 138 keV resonance, in blue.
The major contributions to the 23Na(p, γ)24Mg reaction rate are shown in Figure 6.5. As
an upper limit, the Ecmr = 138 keV resonance strength has less of a contribution to the overall
rate as compared with Figure 6.2, where the strength of the Ecmr = 138 keV resonance has a
value and uncertainty of ωγ(138 keV) = 2.15 ± 1.29 neV.
The rate itself has also been reduced since the upper limit of the Ecmr = 138 keV resonance
strength has been reduced compared to previous work [Ili10b]. Figure 6.6 shows the magnitude
of the reduction of the median rate versus temperature. Most noticeably, the median rate
has been reduced by a factor of 22 at T9= 0.07.
Figure 6.7 show the rates from NACRE [Ang99] in black, Iliadis et al. [Ili10b] in red,
and the present rates in the temperature region where the Ecmr = 138 keV resonance has
the greatest impact. The shaded regions correspond to the rate uncertainties. The NACRE
rate, which is still widely used today, is based on measurements made before 1999. This
excludes the work of Hale et al. [Hal04] and Rowland et al. [Row04b]. The results of those
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Figure 6.4: The 23Na(p, γ)24Mg reaction rate uncertainty versus temperature. The black
curve corresponds to the previous uncertainty [Ili10b]. The red dashed curve corresponds to
the rate uncertainty as calculated by treating the Ecmr = 138 keV resonance as an upper limit,
ωγul(138 keV) ≤ 5.17 neV. For comparison purposes, the blue dotted curve corresponds to
the rate uncertainty, shown in Figure 6.1, with a strength of ωγ(138 keV) = 2.15 ± 1.29 neV
for the Ecmr = 138 keV resonance.
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Figure 6.5: Fractional contributions to the 23Na(p, γ)24Mg rate using an upper limit for the
Ecmr = 138 keV resonance strength, ωγul ≤ 5.17 neV. In comparing with the Figure 6.2, the
Ecmr = 138 keV resonance has even less contribution to the total reaction rate.
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Figure 6.6: 23Na(p, γ)24Mg median reaction rate reduction factor versus temperature with
respect to the previous median rate [Ili10b] with an upper limit, ωγul(138 keV) ≤ 5.17 neV,
for the Ecmr = 138 keV resonance strength.
measurements were included in the calculations of Iliadis et al. [Ili10b], and had a huge impact
on the rate and the reduction of its uncertainty. Now, with more precise measurements of the
Ecmr = 138 keV resonance strength, the rate and uncertainty has been reduced even further.
Both rates calculated for the Ecmr = 138 keV resonance, as a value and uncertainty, and as
an upper limit, are included in the plot (in yellow and blue, respectively). The upper bounds
of the uncertainties are nearly identical, and the median rates are within 42% at T9 = 0.07.
The lower bound of the rate for the value and uncertainty of the strength is consistent with
the median value of the rate for the upper limit of the strength. The lower bound of the
upper limit rate results from the Porter-Thomas nature of upper limits in the Monte Carlo,
and contributions from other processes.
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Figure 6.7: The 23Na(p, γ)24Mg reaction rate versus temperature. Existing compilations
(NACRE [Ang99] in black and Iliadis et al. [Ili10b] in red) are compared to the present total
reaction rate. The yellow and blue lines correspond to the new median rates, treating the
138 keV resonance with a value and uncertainty, ωγ(138 keV) = 2.15 ± 1.29 neV, and as
an upper limit, ωγul(138 keV) ≤ 5.17 neV. The inset of the plot shows an expanded view of
the temperature region where the new rates have the most significant impact. The shaded
regions correspond to the rate uncertainties.
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6.3 23Na(p, α)20Ne Reaction Rates
6.3.1 Nonresonant Contribution
The 23Na(p, α)20Ne reaction rate is dominated by resonances, including subthreshold res-
onances at low burning temperatures. There is no direct radiative capture in the (p, α)
reaction.
6.3.2 Resonant Contribution
Narrow Resonances
The resonant contribution to the rate consists of 53 resonances from Ecmr = -303 – 2328
keV. Of these 53 resonances, one is treated as an upper limit. For detailed information, see
Reference [Ili10b]. For the Ecmr = 138 keV resonance, the rates have been calculated in two
ways; first, considering using a value and uncertainty for the resonance strength, and as an
upper limit. Both sets of rates and uncertainties will be presented.
Subthreshold and Broad Resonances
The rate contributions of the subthreshold resonances at Ecmr = -303 keV and -174 keV are
numerically integrated using the formalism from Equation 2.28.
Upper limits
TheEcmr = 37 keV resonance is treated as an upper limit and its rate contribution is integrated
numerically. The Ecmr = 138 keV resonance is treated as both an upper limit and as a value
with uncertainty for the strength, similar to the case of the (p, γ) channel. Since Γγ/Γ =
0.95(4) for the Ex = 11831 keV state [Ver88], the evidence of α-decay is only significant at
the 1−σ level. However, for consistency with the treatment of the (p, γ) channel, the rate was
calculated in both ways. Since the α-width is not known (only Γα/Γ = 0.05(4)), the variation
of the partial widths with energy in the calculation of the rate cannot be accounted for. In
other words, the state must be treated as a narrow resonance (no numerical integration) with
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Γp = 17.2 ± 10.3 neV, based on ωγpγ(138 keV) = 2.15 ± 1.29 neV, and with Γp ≤ 41.4 neV,
based on ωγpγul (138 keV) ≤ 5.17 neV.
6.3.3 Total Reaction Rate
Rate assuming Γp = 17.2 ± 10.3 neV for the Ecmr = 138 keV resonance
The input file for calculation of the 23Na(p, α)20Ne rate is given in Section A.2.1. The Ecmr =
138 keV resonance is listed in the ‘Resonant Contribution’ section. The proton partial width
value, Γp = 17.2 ± 10.3 neV, arises from ωγpγ(138 keV) = 2.15 ± 1.29 neV, with spin J =
0, and an assumed proton orbital angular momentum transfer of l = 2. Table B.3 of Section
B.2.1 lists the new rates for the 23Na(p, α)20Ne reaction.
Rate assuming Γp ≤ 5.17 neV for the Ecmr = 138 keV resonance
The input file for calculation of the 23Na(p, α)20Ne rate is given in Section A.2.2. The Ecmr
= 138 keV resonance is listed in the ‘Upper Limits of Resonances’ section. The upper limit
of the resonance strength in the (p, γ) channel was used to calculate an upper limit of the
proton partial width, Γp ≤ 41.4 neV. Table B.4 of Section B.2.2 lists the new rates for the
23Na(p, α)20Ne reaction.
The uncertainty of the 23Na(p, α)20Ne rate is displayed in Figure 6.8. The black curve
corresponds to the previous uncertainty [Ili10b]. The red and blue curves correspond to the
uncertainty of the rates calculated with Γp ≤ 41.4 and Γp = 17.2 ± 10.3 neV for the Ecmr
= 138 keV resonance, respectively. Clearly, there is a minimal difference in the uncertainty
of the two rates, implying that the 138 keV resonance makes a negligible contribution to the
total rate. Both sets of median rates are within 1.5% of each other for all temperatures.
The major contributions to the 23Na(p, α)20Ne reaction rate are shown in Figure 6.9. More
resonances contribute significantly to the total rate compared to the (p, γ) channel. The Ecmr
= 138 keV resonance is not listed since it is not a significant contributor to the 23Na(p, α)20Ne
rate.
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Figure 6.8: The 23Na(p, α)20Ne reaction rate uncertainty versus temperature. The black curve
corresponds to the previous uncertainty [Ili10b]. The red and blue curves corresponds to the
uncertainties obtained with Γp ≤ 41.4 and Γp = 17.2 ± 10.3 neV, respectively. Clearly, the
Ecmr = 138 keV resonance is not a significant contributor to the total rate.
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Figure 6.9: Fractional contributions to the 23Na(p, α)20Ne reaction rate. The Ecmr = 138 keV
resonance is not a significant contributor to the total rate.
6.4 (p, α)/(p, γ) Reaction Rate Ratio
As 23Na is destroyed by 23Na + p, material can leak into the MgAl region, by emission of
γ-rays, or recycle back to the NeNa region via the 20Ne + α channel. Figure 6.10 shows
the ratio of the (p, α)/(p, γ) median rates (solid lines). The shaded regions correspond to the
correlated uncertainties of the ratio, i.e., the upper bound of the shaded region corresponds to
the (p, α)high/(p, γ)low ratio of rates and the lower bound corresponds to the (p, α)low/(p, γ)high
ratio. The ratio using the previous 23Na(p, γ)24Mg and 23Na(p, α)20Ne rates from Reference
[Ili10b] are plotted in black. The red line corresponds to the present result using an upper
limit for the Ecmr = 138 keV resonance strength, ωγul(138 keV) ≤ 5.17 neV, whereas the blue
line corresponds to the present result using a value and uncertainty, ωγ(138 keV) = 2.15 ±
1.29 neV for the strength. Clearly, in both sets of new rates, the uncertainty of the ratio has
been reduced dramatically. The largest changes in the ratio are between T9 = 0.05 – 0.11.
In that range, the median ratio is larger than the previous upper ratio bound. At T9 = 0.07,
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the present ratio is a factor of 15 greater than the previous measurement for the 138 keV
resonance treated with a value and uncertainty for the strength, ωγ(138 keV) = 2.15 ± 1.29
neV, and a factor of 22 greater with an upper limit on the resonance strength, ωγul(138 keV)
≤ 5.17 neV. Thus, leakage into the MgAl chain is >15 times slower than previously thought.
Figure 6.10: The (p, α)/(p, γ) reaction rate ratio. The solid lines correspond to the ratio of
median rates. The shaded regions correspond to the correlated uncertainties in the low and
high rates, i.e., the upper bound of the shaded region corresponds to the (p, α)high/(p, γ)low
ratio of rates and the lower bound corresponds to the (p, α)low/(p, γ)high ratio. The black
curve represents the previous results [Ili10b]. The red and blue curves represent the present
ratio with the Ecmr = 138 keV resonance strength treated as an upper limit and as value with
uncertainty, respectively.
6.5 Nucleosynthesis Calculations
The reduction in the 23Na(p, γ)24Mg rate has potentially great importance for AGB stars. As
mentioned in Chapter 1, intermediate mass AGB stars are candidates for the primordial or
self-enrichment scenario explaining abundance anomalies of light mass elements in globular
cluster stars. Ultimately, of interest is how the rates will impact stellar models. AGB envi-
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ronments are incredibly complex and sophisticated modeling is reserved for the professionals.
However, it is possible to investigate the impact of the new rate under conditions similar to
those of AGB stars. By no means is this a calculation of an AGB star, it is just an illustration.
Table 6.1: Abundances of Ne, Na, Mg, and Al isotopes after hydrogen burning with solar
initial abundances for 24.9 y using the previous [Ili10b] and present (ωγ(138 keV)) median
23Na(p, γ)24Mg reaction rates. The rates for 23Na(p, α)20Ne have not been varied since the
change to those rates was less than 2%. With the new rates, the final abundances have
increased for the NeNa isotopes and decreased for the MgAl isotopes. The factor change in
final abundance is listed in the last column.
Mass Fraction, Xi
Isotope Initial Previous Present Xpresi /X
prev
i
a
20Ne 1.67×10−3 1.57×10−3 1.65×10−3 1.05
22Ne 1.35×10−4 1.43×10−4 1.49×10−4 1.04
23Na 3.61×10−5 3.45×10−5 4.02×10−5 1.17
24Mg 5.29×10−4 7.83×10−6 1.27×10−6 0.16
25Mg 7.01×10−5 1.63×10−5 2.92×10−6 0.18
26Mg 8.00×10−5 1.67×10−6 3.45×10−7 0.21
27Al 6.22×10−5 7.45×10−4 6.76×10−4 0.91
aFactor change in final abundance with the previous and new rates.
The calculation modeled H-burning at constant density, ρ = 100 g/cm3, and constant
temperature, T9 = 0.08. The nuclear network consisted of 143 isotopes (up to
50Ti) and 1308
interactions (nuclear reactions and β−decays). Solar abundances have been adopted from
Reference [Lod10]. Each calculation was performed until the hydrogen mass fraction was
reduced to XH = 10
−5 (t = 24.9 y). The most up-to-date reaction rate compilation, Starlib
[Ili11a], was used, and consists of the Monte Carlo reaction rate compilation [Ili10b]. A series
of calculations were performed with these rates and another series of calculations with the
new 23Na(p, γ)24Mg rates (Ecmr = 138 keV resonance strength represented with a value and
uncertainty) from this work. Figure 6.11 shows the Ne, Na, Mg, and Al isotope abundances
tracked over time using the Starlib rates with the previous 23Na(p, γ)24Mg reaction rate
[Ili10b] (solid lines) and with the new 23Na(p, γ)24Mg rate (dashed lines). Enhancements in
the final abundances of the NeNa isotopes and a reduction in the MgAl abundances were
observed. This was to be expected since the 23Na(p, γ)24Mg reaction was reduced, thus less
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material leaks to the MgAl cycle. The initial and final abundances and factor changes in final
abundance, Xpresi / X
prev
i , are listed in Table 6.1. An important qualitative result was that
with the 23Na(p, γ)24Mg rate reduced, more material was retained by the NeNa cycle, and
ultimately, there was an increased abundance of 23Na, which may support the self-enrichment
scenario of globular clusters, if this holds true for AGB star models.
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Figure 6.11: Mass fractions of Ne, Na, Mg, and Al isotopes as hydrogen was burned at ρ =
100 g/cm3 and T9 = 0.08 until XH = 10
−5 (t = 24.9 y). The solid lines are abundances using
the Starlib reaction rates with the previous 23Na(p, γ)24Mg reaction [Ili10b] and the dashed
lines with the incorporation of the present 23Na(p, γ)24Mg reaction rate, with a strength of
ωγ(138 keV) = 2.15 ± 1.29 neV for the Ecmr = 138 keV resonance.
Just as important as the change in final abundance of isotopes with the new rate is the
variation in final abundances, which is a direct result of the uncertainty in the 23Na(p, γ)24Mg
rate. Figure 6.12 shows the abundance evolution using the Starlib rates with the previous
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23Na(p, γ)24Mg rate [Ili10b], with the new 23Na(p, γ)24Mg rates treating the Ecmr = 138 keV
resonance where ωγ(138 keV) = 2.15 ± 1.29 neV, and with the new rates where ωγul(138
keV) ≤ 5.17 neV. Clearly, in both instances with the new rates, the uncertainty in final
abundances has been significantly reduced. In comparing the middle and bottom plots, the
uncertainties are slightly larger for the upper limit case, but by small amounts compared
to the rates with ωγ(138 keV) = 2.15 ± 1.29 neV for the Ecmr = 138 keV resonance. It is
important to remember that this reduction is a result of varying only the 23Na(p, γ)24Mg rate
within its uncertainty. Future plans include providing these reaction rates to stellar modelers
to appropriately calculate hydrogen burning in AGB stars.
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Figure 6.12: Mass fractions of Ne, Na, Mg, and Al isotopes during hydrogen burning at ρ= 100
g/cm3 and T9 = 0.08 untilXH = 10
−5 (t = 24.9 y) with the uncertainties in the 23Na(p, γ)24Mg
reaction rate taken into account (shaded regions). The top plot show the results using the
Starlib rates with the previous 23Na(p, γ)24Mg rate [Ili10b]. The middle and bottom plots
show the results using the Starlib rates with inclusion of the new 23Na(p, γ)24Mg rate with
the Ecmr = 138 keV resonance strength, ωγ(138 keV) = 2.15 ± 1.29 neV, and as an upper
limit, ωγul(138 keV) = 5.17 neV, respectively.
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7 Conclusion
The goal of this project was to reduce the uncertainty of the 23Na(p, γ)24Mg reaction
rate for temperatures relevant for hydrogen burning in RGB and AGB stars, as well as for
classical novae, by searching for the elusive Ecmr = 138 keV resonance. Significant technical
improvements were necessary for this measurement. For example, the development of a high-
current low-energy accelerator was essential in order to increase both the count rate and the
signal-to-noise ratio. Considerable time was devoted to producing clean and stable targets. In
the end, many hours of run time and many targets were needed to reach the level of sensitivity
finally achieved. With 90% coverage probability, a signal from the resonance was evident. A
strength was calculated based of the most likely value of the signal posterior distribution
(mode) with 1–σ bounds yielding a strength, ωγ(138 keV) = 2.15 ± 1.29 neV. However, this
level of confidence is not sufficient to claim a detection. To be conservative, an upper limit of
ωγul(138 keV) ≤ 5.17 neV, based on 95% confidence level based on counting statistics, was
calculated. This is weaker than any (p, γ) resonance strength value published thus far.
New reaction rates show a reduction in the median rate versus previous rates over the
temperature range of T9 = 0.04 – 0.15, with a maximum reduction factor of 15 at T9 = 0.07.
The uncertainty in the reaction rate was substantially reduced also. This implies that material
leaks out of the NeNa region to the MgAl region 15 times more slowly than was previously
thought. These results will be provided to stellar modelers to quantify the effect they will
have on RGB and AGB models, and abundance variations in globular cluster stars. In a
simple constant density (ρ = 100 g/cm3) and constant temperature (T9 = 0.08) H-burning
calculation, the final abundances of the NeNa isotopes were increased and MgAl isotopic
abundances were decreased with the new 23Na(p, γ)24Mg rate. Uncertainties in the predicted
final abundances have also been reduced.
Now at the end of this project, how might this experiment be improved? Is a better
measurement really necessary? Stellar model calculations will be needed to determine whether
a more precise result is warranted, and these are outside the scope of this work. However, from
a purely technical standpoint, limiting factors in this measurement were target stopping power
and target stability. If a pure sodium target could be produced, then the stopping power would
be reduced by a factor of 3.5, increasing the signal by the same amount. Unfortunately, the low
melting temperature of sodium (T = 98◦C), its oxidation in air, and its violent reactivity with
water make working with pure solid sodium targets a challenge. A possible alternative might
be a liquid sodium jet target. Liquid sodium is used to cool fast neutron reactors, but remains
to be developed as a practical target for low-energy proton beams. Also, since 23Na(n, γ)24Na
was observed in the HPGe-NaI(Tl) coincidence apparatus, a new detection scheme without
NaI(Tl) would be necessary to eliminate this source of background. One possibility might
be using an array of Ge detectors that could also implement γγ-coincidences in the same
manner, as with the present detector setup. Finally, if the ECR beam could be pulsed, with
the same average current on target as in this experiment, environmental background would
be reduced. For example, if the beam current could be increased by a factor of 10 and pulsed
with a duty cycle of 10% (yielding the same average beam on target), then environmental
backgrounds (room background and cosmic-ray induced background) would be reduced by a
factor of 10. Both beam pulsing and detector developments are currently being explored for
use at LENA.
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A 23Na+ p Input Files for RatesMC
A.1 23Na(p, γ)24Mg
A.1.1 With ωγ(138 keV) = 2.15 ± 1.29 neV
23Na(p,g)24Mg
****************************************************************************************************************
1 ! Zproj
11 ! Ztarget
2 ! Zexitparticle (=0 when only 2 channels open)
1.0078 ! Aproj
22.9897 ! Atarget
4.0028 ! Aexitparticle (=0 when only 2 channels open)
0.5 ! Jproj
1.5 ! Jtarget
0.0 ! Jexitparticle (=0 when only 2 channels open)
11692.68 ! projectile separation energy (keV)
9316.55 ! exit particle separation energy (=0 when only 2 channels open)
1.25 ! Radius parameter R0 (fm)
2 ! Gamma-ray channel number (=2 if ejectile is a g-ray; =3 otherwise)
****************************************************************************************************************
1.0 ! Minimum energy for numerical integration (keV)
8000 ! Number of random samples (>5000 for better statistics)
0 ! =0 for rate output at all temperatures; =NT for rate output at selected temperatures
****************************************************************************************************************
Non-Resonant Contribution
S(keVb) S’(b) S’’(b/keV) fracErr Cutoff Energy (keV)
2.48e1 -7.31e-3 6.42e-6 0.4 1100.0
0.0 0.0 0.0 0.0 0.0
****************************************************************************************************************
Resonant Contribution
Note: G1 = entrance channel, G2 = exit channel, G3 = spectator channel !! Ecm, Exf in (keV); wg, Gx in (eV) !!
Note: if Er<0, theta^2=C2S*theta_sp^2 must be entered instead of entrance channel partial width
Ecm DEcm wg Dwg Jr G1 DG1 L1 G2 DG2 L2 G3 DG3 L3 Exf Int
5.5 1.0 0 0 4 5.7e-58 2.3e-58 2 0.13 0.03 1 1.5 0.6 4 0.0 1
138.0 1.5 2.15e-9 1.29e-9 0 0 0 0 0 0 0 0 0 0 0.0 0
169.7 0.9 0 0 1 6.1e-5 1.1e-5 1 0.33 0.07 1 8.0e3 2.0e3 1 0.0 1
217.0 1.8 2.7e-9 1.4e-9 0 0 0 0 0 0 0 0 0 0 0.0 0
240.4 0.2 5.3e-4 1.8e-4 0 0 0 0 0 0 0 0 0 0 0.0 0
295.9 0.06 0.105 0.019 0 0 0 0 0 0 0 0 0 0 0.0 0
358.7 0.4 1.4e-3 3.8e-4 0 0 0 0 0 0 0 0 0 0 0.0 0
490.8 0.1 9.13e-2 1.25e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
567.3 0.4 0.237 0.037 0 0 0 0 0 0 0 0 0 0 0.0 0
648.5 0.4 0.637 0.112 0 0 0 0 0 0 0 0 0 0 0.0 0
708.1 0.3 0.12 0.02 0 0 0 0 0 0 0 0 0 0 0.0 0
712.8 0.3 0.175 0.037 0 0 0 0 0 0 0 0 0 0 0.0 0
761.9 1.0 2.4e-3 1e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
836.1 0.6 0.912 0.19 0 0 0 0 0 0 0 0 0 0 0.0 0
946.3 0.1 0.237 0.05 0 0 0 0 0 0 0 0 0 0 0.0 0
966.7 0.1 0.0575 0.0212 0 0 0 0 0 0 0 0 0 0 0.0 0
968.5 0.4 4.62e-2 1.9e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
977.7 0.4 1.625 0.375 0 0 0 0 0 0 0 0 0 0 0.0 0
1040.9 0.6 6.25e-3 2.5e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1046.7 0.7 0.03 6.25e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1085.8 1.0 0.0413 0.0175 0 0 0 0 0 0 0 0 0 0 0.0 0
1115.5 0.5 0.225 0.05 0 0 0 0 0 0 0 0 0 0 0.0 0
1125.5 0.2 1.12 0.38 0 0 0 0 0 0 0 0 0 0 0.0 0
1154.6 0.5 0.175 0.038 0 0 0 0 0 0 0 0 0 0 0.0 0
1160.0 0.5 0.0125 6.25e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1202.8 0.5 4.75e-2 1.25e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
1229.4 0.4 1.0 0.25 0 0 0 0 0 0 0 0 0 0 0.0 0
1263.2 0.15 4.25 0.75 0 0 0 0 0 0 0 0 0 0 0.0 0
1271.6 0.5 0.15 0.04 0 0 0 0 0 0 0 0 0 0 0.0 0
1305.4 0.5 0.025 0.01 0 0 0 0 0 0 0 0 0 0 0.0 0
1337.6 0.1 2.0 0.5 0 0 0 0 0 0 0 0 0 0 0.0 0
1357.8 0.07 3.375 0.75 0 0 0 0 0 0 0 0 0 0 0.0 0
1396.6 0.4 1.25 0.375 0 0 0 0 0 0 0 0 0 0 0.0 0
1453.8 1.0 0.01 3.75e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1492.3 0.8 1.87e-2 7.5e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1569.8 1.0 0.412 0.15 0 0 0 0 0 0 0 0 0 0 0.0 0
1576.6 0.7 1.37e-2 6.25e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1583.4 1.0 0.03 0.0125 0 0 0 0 0 0 0 0 0 0 0.0 0
1653.6 0.6 1.0 0.25 0 0 0 0 0 0 0 0 0 0 0.0 0
1674.8 0.8 0.175 0.0625 0 0 0 0 0 0 0 0 0 0 0.0 0
1727.2 0.8 0.175 0.0875 0 0 0 0 0 0 0 0 0 0 0.0 0
1732.6 1.2 1.25e-2 5e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1754.7 0.8 0.175 0.05 0 0 0 0 0 0 0 0 0 0 0.0 0
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1782.8 0.8 0.0437 0.015 0 0 0 0 0 0 0 0 0 0 0.0 0
1850.3 0.8 0.375 0.125 0 0 0 0 0 0 0 0 0 0 0.0 0
2079.6 3.0 6.25e-2 0.025 0 0 0 0 0 0 0 0 0 0 0.0 0
2108.3 3.0 0.3 0.075 0 0 0 0 0 0 0 0 0 0 0.0 0
2130.4 3.0 0.625 0.25 0 0 0 0 0 0 0 0 0 0 0.0 0
2149.5 3.0 6.25e-2 2.5e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
2188.8 3.0 0.3 0.075 0 0 0 0 0 0 0 0 0 0 0.0 0
2201.3 3.0 0.312 0.15 0 0 0 0 0 0 0 0 0 0 0.0 0
2242.5 3.0 0.425 0.15 0 0 0 0 0 0 0 0 0 0 0.0 0
2255.9 3.0 0.7 0.19 0 0 0 0 0 0 0 0 0 0 0.0 0
****************************************************************************************************************
Upper Limits of Resonances
Note: enter partial width upper limit by chosing non-zero value for PT, where PT=<theta^2> for particles and...
Note: ...PT=<B> for g-rays [enter: "upper_limit 0.0"]; for each resonance: # upper limits < # open channels!
Ecm DEcm Jr G1 DG1 L1 PT G2 DG2 L2 PT G3 DG3 L3 PT Exf Int
37.1 1.7 0 1.1e-19 0.0 2 0.0045 0.37 0.06 1 0 1.0e4 0.2e4 0 0 0.0 1
167.3 3.0 6 2.3e-8 0.0 4 0.0045 7.3e-3 3.6e-3 1 0 0 0 0 0 0.0 0
****************************************************************************************************************
Interference between Resonances [numerical integration only]
Note: + for positive, - for negative interference; +- if interference sign is unknown
Ecm DEcm Jr G1 DG1 L1 PT G2 DG2 L2 PT G3 DG3 L3 PT Exf
!+-
0.0 0.0 0.0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0
0.0 0.0 0.0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0
****************************************************************************************************************
Reaction Rate and PDF at NT selected temperatures only
Note: default values are used for reaction rate range if Min=Max=0.0
T9 Min Max
0.01 0.0 0.0
0.1 0.0 0.0
****************************************************************************************************************
Comments:
1. For Er=167.3 keV resonance: Jp=6+ assumed for upper limit; since Gg/G>0.95 we assume Gg>>Ga and G=Gg; also
no resonance is observed in 20Ne+a (a non-zero value of Ga would make the rate contribution even smaller).
2. For Er=217.0 keV, Jp=1- assumed.
3. State corresponding to Er=138.0 keV has been observed in 23Na(3He,d) but strength may be caused by non-direct
contribution; direct (p,g) search excludes l=0,1 (s-wave,p-wave). Ces11 measured marginal strength. Add as
resonance to see what it does for the rate. 7/20/2011
4. Contribution of subthreshold resonances negligible compared to direct capture.
A.1.2 With ωγul(138 keV) ≤ 5.17 neV
23Na(p,g)24Mg
****************************************************************************************************************
1 ! Zproj
11 ! Ztarget
2 ! Zexitparticle (=0 when only 2 channels open)
1.0078 ! Aproj
22.9897 ! Atarget
4.0028 ! Aexitparticle (=0 when only 2 channels open)
0.5 ! Jproj
1.5 ! Jtarget
0.0 ! Jexitparticle (=0 when only 2 channels open)
11692.68 ! projectile separation energy (keV)
9316.55 ! exit particle separation energy (=0 when only 2 channels open)
1.25 ! Radius parameter R0 (fm)
2 ! Gamma-ray channel number (=2 if ejectile is a g-ray; =3 otherwise)
****************************************************************************************************************
1.0 ! Minimum energy for numerical integration (keV)
8000 ! Number of random samples (>5000 for better statistics)
0 ! =0 for rate output at all temperatures; =NT for rate output at selected temperatures
****************************************************************************************************************
Non-Resonant Contribution
S(keVb) S’(b) S’’(b/keV) fracErr Cutoff Energy (keV)
2.48e1 -7.31e-3 6.42e-6 0.4 1100.0
0.0 0.0 0.0 0.0 0.0
****************************************************************************************************************
Resonant Contribution
Note: G1 = entrance channel, G2 = exit channel, G3 = spectator channel !! Ecm, Exf in (keV); wg, Gx in (eV) !!
Note: if Er<0, theta^2=C2S*theta_sp^2 must be entered instead of entrance channel partial width
Ecm DEcm wg Dwg Jr G1 DG1 L1 G2 DG2 L2 G3 DG3 L3 Exf Int
5.5 1.0 0 0 4 5.7e-58 2.3e-58 2 0.13 0.03 1 1.5 0.6 4 0.0 1
169.7 0.9 0 0 1 6.1e-5 1.1e-5 1 0.33 0.07 1 8.0e3 2.0e3 1 0.0 1
217.0 1.8 2.7e-9 1.4e-9 0 0 0 0 0 0 0 0 0 0 0.0 0
240.4 0.2 5.3e-4 1.8e-4 0 0 0 0 0 0 0 0 0 0 0.0 0
295.9 0.06 0.105 0.019 0 0 0 0 0 0 0 0 0 0 0.0 0
358.7 0.4 1.4e-3 3.8e-4 0 0 0 0 0 0 0 0 0 0 0.0 0
490.8 0.1 9.13e-2 1.25e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
567.3 0.4 0.237 0.037 0 0 0 0 0 0 0 0 0 0 0.0 0
648.5 0.4 0.637 0.112 0 0 0 0 0 0 0 0 0 0 0.0 0
708.1 0.3 0.12 0.02 0 0 0 0 0 0 0 0 0 0 0.0 0
712.8 0.3 0.175 0.037 0 0 0 0 0 0 0 0 0 0 0.0 0
761.9 1.0 2.4e-3 1e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
836.1 0.6 0.912 0.19 0 0 0 0 0 0 0 0 0 0 0.0 0
946.3 0.1 0.237 0.05 0 0 0 0 0 0 0 0 0 0 0.0 0
966.7 0.1 0.0575 0.0212 0 0 0 0 0 0 0 0 0 0 0.0 0
155
968.5 0.4 4.62e-2 1.9e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
977.7 0.4 1.625 0.375 0 0 0 0 0 0 0 0 0 0 0.0 0
1040.9 0.6 6.25e-3 2.5e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1046.7 0.7 0.03 6.25e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1085.8 1.0 0.0413 0.0175 0 0 0 0 0 0 0 0 0 0 0.0 0
1115.5 0.5 0.225 0.05 0 0 0 0 0 0 0 0 0 0 0.0 0
1125.5 0.2 1.12 0.38 0 0 0 0 0 0 0 0 0 0 0.0 0
1154.6 0.5 0.175 0.038 0 0 0 0 0 0 0 0 0 0 0.0 0
1160.0 0.5 0.0125 6.25e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1202.8 0.5 4.75e-2 1.25e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
1229.4 0.4 1.0 0.25 0 0 0 0 0 0 0 0 0 0 0.0 0
1263.2 0.15 4.25 0.75 0 0 0 0 0 0 0 0 0 0 0.0 0
1271.6 0.5 0.15 0.04 0 0 0 0 0 0 0 0 0 0 0.0 0
1305.4 0.5 0.025 0.01 0 0 0 0 0 0 0 0 0 0 0.0 0
1337.6 0.1 2.0 0.5 0 0 0 0 0 0 0 0 0 0 0.0 0
1357.8 0.07 3.375 0.75 0 0 0 0 0 0 0 0 0 0 0.0 0
1396.6 0.4 1.25 0.375 0 0 0 0 0 0 0 0 0 0 0.0 0
1453.8 1.0 0.01 3.75e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1492.3 0.8 1.87e-2 7.5e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1569.8 1.0 0.412 0.15 0 0 0 0 0 0 0 0 0 0 0.0 0
1576.6 0.7 1.37e-2 6.25e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1583.4 1.0 0.03 0.0125 0 0 0 0 0 0 0 0 0 0 0.0 0
1653.6 0.6 1.0 0.25 0 0 0 0 0 0 0 0 0 0 0.0 0
1674.8 0.8 0.175 0.0625 0 0 0 0 0 0 0 0 0 0 0.0 0
1727.2 0.8 0.175 0.0875 0 0 0 0 0 0 0 0 0 0 0.0 0
1732.6 1.2 1.25e-2 5e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
1754.7 0.8 0.175 0.05 0 0 0 0 0 0 0 0 0 0 0.0 0
1782.8 0.8 0.0437 0.015 0 0 0 0 0 0 0 0 0 0 0.0 0
1850.3 0.8 0.375 0.125 0 0 0 0 0 0 0 0 0 0 0.0 0
2079.6 3.0 6.25e-2 0.025 0 0 0 0 0 0 0 0 0 0 0.0 0
2108.3 3.0 0.3 0.075 0 0 0 0 0 0 0 0 0 0 0.0 0
2130.4 3.0 0.625 0.25 0 0 0 0 0 0 0 0 0 0 0.0 0
2149.5 3.0 6.25e-2 2.5e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
2188.8 3.0 0.3 0.075 0 0 0 0 0 0 0 0 0 0 0.0 0
2201.3 3.0 0.312 0.15 0 0 0 0 0 0 0 0 0 0 0.0 0
2242.5 3.0 0.425 0.15 0 0 0 0 0 0 0 0 0 0 0.0 0
2255.9 3.0 0.7 0.19 0 0 0 0 0 0 0 0 0 0 0.0 0
****************************************************************************************************************
Upper Limits of Resonances
Note: enter partial width upper limit by chosing non-zero value for PT, where PT=<theta^2> for particles and...
Note: ...PT=<B> for g-rays [enter: "upper_limit 0.0"]; for each resonance: # upper limits < # open channels!
Ecm DEcm Jr G1 DG1 L1 PT G2 DG2 L2 PT G3 DG3 L3 PT Exf Int
37.1 1.7 0 1.1e-19 0.0 2 0.0045 0.37 0.06 1 0 1.0e4 0.2e4 0 0 0.0 1
138.0 1.5 0 4.14e-8 0.0 2 0.0045 0.3 0.15 1 0 0 0 0 0 0.0 0
167.3 3.0 6 2.3e-8 0.0 4 0.0045 7.3e-3 3.6e-3 1 0 0 0 0 0 0.0 0
****************************************************************************************************************
Interference between Resonances [numerical integration only]
Note: + for positive, - for negative interference; +- if interference sign is unknown
Ecm DEcm Jr G1 DG1 L1 PT G2 DG2 L2 PT G3 DG3 L3 PT Exf
!+-
0.0 0.0 0.0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0
0.0 0.0 0.0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0
****************************************************************************************************************
Reaction Rate and PDF at NT selected temperatures only
Note: default values are used for reaction rate range if Min=Max=0.0
T9 Min Max
0.01 0.0 0.0
0.1 0.0 0.0
****************************************************************************************************************
Comments:
1. For Er=167.3 keV resonance: Jp=6+ assumed for upper limit; since Gg/G>0.95 we assume Gg>>Ga and G=Gg; also
no resonance is observed in 20Ne+a (a non-zero value of Ga would make the rate contribution even smaller).
2. For Er=217.0 keV, Jp=1- assumed.
3. State corresponding to Er=138.0 keV has been observed in 23Na(3He,d) but strength may be caused by non-direct
contribution; direct (p,g) search excludes l=0,1 (s-,p-wave); assume d-wave (Jp=0+) for upper limit. Ces11
measured marginal strength. Added as upper limit. Since Gg/G=0.95+-0.04, we assume G=Gg and Gg>>Ga; value
of Gg=0.3 eV is a guess (inconsequential).
4. Contribution of subthreshold resonances negligible compared to direct capture.
A.2 23Na(p, α)20Ne
A.2.1 With Γp(138 keV) = 17.2 ± 10.3 neV
23Na(p,a)20Ne
****************************************************************************************************************
1 ! Zproj
11 ! Ztarget
2 ! Zexitparticle (=0 when only 2 channels open)
1.0078 ! Aproj
22.9897 ! Atarget
4.0026 ! Aexitparticle (=0 when only 2 channels open)
0.5 ! Jproj
156
1.5 ! Jtarget
0.0 ! Jexitparticle (=0 when only 2 channels open)
11692.68 ! projectile separation energy (keV)
9316.55 ! exit particle separation energy (=0 when only 2 channels open)
1.25 ! Radius parameter R0 (fm)
3 ! Gamma-ray channel number (=2 if ejectile is a g-ray; =3 otherwise)
****************************************************************************************************************
1.0 ! Minimum energy for numerical integration (keV)
8000 ! Number of random samples (>5000 for better statistics)
0 ! =0 for rate output at all temperatures; =NT for rate output at selected temperatures
****************************************************************************************************************
Non-Resonant Contribution
S(keVb) S’(b) S’’(b/keV) fracErr Cutoff Energy (keV)
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
****************************************************************************************************************
Resonant Contribution
Note: G1 = entrance channel, G2 = exit channel, G3 = spectator channel !! Ecm, Exf in (keV); wg, Gx in (eV) !!
Note: if Er<0, theta^2=C2S*theta_sp^2 must be entered instead of entrance channel partial width
Ecm DEcm wg Dwg Jr G1 DG1 L1 G2 DG2 L2 G3 DG3 L3 Exf Int
-303.0 3.0 0 0 1 0.058 0.023 1 5.0e2 2.5e2 1 0.1 0.001 1 0.0 1
-174.0 2.0 0 0 2 0.0138 0.0055 0 5.0e2 2.5e2 2 0.16 0.08 1 0.0 1
5.5 1.0 0 0 4 5.7e-58 2.3e-58 2 1.5 0.6 4 0.13 0.03 1 0.0 1
138.0 1.5 0 0 0 1.72e-8 1.03e-8 2 0.016 0.008 1 0.3 0.15 1 0.0 0
169.7 0.9 0 0 1 6.1e-5 1.1e-5 1 8.0e3 2.0e3 1 0.33 0.07 1 0.0 1
217.0 1.8 5.4e-5 1.3e-5 0 0 0 0 0 0 0 0 0 0 0.0 0
274.0 0.5 0 0 2 5.6e-2 1.1e-2 0 2.3e3 0.5e3 2 0.1 0.001 1 0.0 1
295.9 0.06 1.03e-2 2.6e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
324.5 0.6 7.16e-2 0.29e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
358.7 0.4 4.1e-3 1.0e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
426.5 1.0 5.7e-3 1.4e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
567.0 0.4 38 3 0 0 0 0 0 0 0 0 0 0 0.0 0
708.1 0.3 7.68e-2 1.9e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
712.8 0.3 7.4 1.3 0 0 0 0 0 0 0 0 0 0 0.0 0
761.9 1.0 3.3 0.5 0 0 0 0 0 0 0 0 0 0 0.0 0
779.1 1.0 1.8 0.3 0 0 0 0 0 0 0 0 0 0 0.0 0
809.8 5.0 0.51 0.10 0 0 0 0 0 0 0 0 0 0 0.0 0
880.7 1.0 63 26 0 0 0 0 0 0 0 0 0 0 0.0 0
968.5 0.4 46 14 0 0 0 0 0 0 0 0 0 0 0.0 0
977.7 0.4 0.21 0.051 0 0 0 0 0 0 0 0 0 0 0.0 0
1046.7 0.7 441 51 0 0 0 0 0 0 0 0 0 0 0.0 0
1085.8 1.0 400 41 0 0 0 0 0 0 0 0 0 0 0.0 0
1115.5 0.5 121 10 0 0 0 0 0 0 0 0 0 0 0.0 0
1154.6 0.5 0.15 0.04 0 0 0 0 0 0 0 0 0 0 0.0 0
1160.0 0.5 9.7 1.0 0 0 0 0 0 0 0 0 0 0 0.0 0
1202.8 0.5 9.2 1.0 0 0 0 0 0 0 0 0 0 0 0.0 0
1229.4 0.4 359 41 0 0 0 0 0 0 0 0 0 0 0.0 0
1263.2 0.15 0.51 0.13 0 0 0 0 0 0 0 0 0 0 0.0 0
1271.6 0.5 36 4 0 0 0 0 0 0 0 0 0 0 0.0 0
1337.6 0.1 0.3 0.08 0 0 0 0 0 0 0 0 0 0 0.0 0
1357.8 0.07 12.5 3.1 0 0 0 0 0 0 0 0 0 0 0.0 0
1396.6 0.4 154 21 0 0 0 0 0 0 0 0 0 0 0.0 0
1446.1 1.0 19.5 4.9 0 0 0 0 0 0 0 0 0 0 0.0 0
1468.3 0.7 0.41 0.10 0 0 0 0 0 0 0 0 0 0 0.0 0
1492.3 0.8 29 7 0 0 0 0 0 0 0 0 0 0 0.0 0
1569.8 1.0 1353 338 0 0 0 0 0 0 0 0 0 0 0.0 0
1641.6 3.0 359 90 0 0 0 0 0 0 0 0 0 0 0.0 0
1653.6 0.6 1.02 0.25 0 0 0 0 0 0 0 0 0 0 0.0 0
1662.9 0.8 2.4 0.6 0 0 0 0 0 0 0 0 0 0 0.0 0
1727.2 0.8 25.6 6.4 0 0 0 0 0 0 0 0 0 0 0.0 0
1732.6 1.2 441 41 0 0 0 0 0 0 0 0 0 0 0.0 0
1754.7 0.8 0.61 0.15 0 0 0 0 0 0 0 0 0 0 0.0 0
1760.9 0.8 7.2 1.8 0 0 0 0 0 0 0 0 0 0 0.0 0
1790.8 0.8 0.31 0.08 0 0 0 0 0 0 0 0 0 0 0.0 0
1850.3 0.8 2.2 0.54 0 0 0 0 0 0 0 0 0 0 0.0 0
1940.5 1.1 3.4 0.8 0 0 0 0 0 0 0 0 0 0 0.0 0
1985.4 0.9 308 44 0 0 0 0 0 0 0 0 0 0 0.0 0
2032.6 1.0 174 20 0 0 0 0 0 0 0 0 0 0 0.0 0
2079.6 3.0 502 51 0 0 0 0 0 0 0 0 0 0 0.0 0
2193.6 3.0 4817 1024 0 0 0 0 0 0 0 0 0 0 0.0 0
2255.9 3.0 461 51 0 0 0 0 0 0 0 0 0 0 0.0 0
2327.8 3.0 635 61 0 0 0 0 0 0 0 0 0 0 0.0 0
****************************************************************************************************************
Upper Limits of Resonances
Note: enter partial width upper limit by chosing non-zero value for PT, where PT=<theta^2> for particles and...
Note: ...PT=<B> for g-rays [enter: "upper_limit 0.0"]; for each resonance: # upper limits < # open channels!
Ecm DEcm Jr G1 DG1 L1 PT G2 DG2 L2 PT G3 DG3 L3 PT Exf Int
37.1 1.7 0 1.1e-19 0.0 2 0.0045 1.0e4 0.2e4 0 0 0.37 0.06 1 0 0.0 1
****************************************************************************************************************
Interference between Resonances [numerical integration only]
Note: + for positive, - for negative interference; +- if interference sign is unknown
Ecm DEcm Jr G1 DG1 L1 PT G2 DG2 L2 PT G3 DG3 L3 PT Exf
!+-
0.0 0.0 0.0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0
0.0 0.0 0.0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0
****************************************************************************************************************
Reaction Rate and PDF at NT selected temperatures only
Note: default values are used for reaction rate range if Min=Max=0.0
T9 Min Max
157
0.01 0.0 0.0
0.1 0.0 0.0
****************************************************************************************************************
Comments:
1. For Er=-303.0 and 274.0 keV resonances, value of Gg=0.1+-0.001 eV is assumed (inconsequential).
2. Er=167.3 keV resonance is disregarded; see comments under 23Na(p,g) input.
3. State corresponding to Er=138.0 keV has been observed in 23Na(3He,d) but strength may be caused by non-direct
contribution; direct (p,g) search excludes l=0,1 (s-,p-wave); assume d-wave (Jp=0+). Ces11 measured marginal
strength in (p,g) channel. Add to resonant contribution. Since Gg/G=0.95+-0.04, we find with Gg=0.3 eV
(approximate average in this Ex range) a value of Ga=0.016 eV; rough estimate, hence not integrated.
A.2.2 With Γp,ul(138 keV) ≤ 41.4 neV
23Na(p,a)20Ne
****************************************************************************************************************
1 ! Zproj
11 ! Ztarget
2 ! Zexitparticle (=0 when only 2 channels open)
1.0078 ! Aproj
22.9897 ! Atarget
4.0026 ! Aexitparticle (=0 when only 2 channels open)
0.5 ! Jproj
1.5 ! Jtarget
0.0 ! Jexitparticle (=0 when only 2 channels open)
11692.68 ! projectile separation energy (keV)
9316.55 ! exit particle separation energy (=0 when only 2 channels open)
1.25 ! Radius parameter R0 (fm)
3 ! Gamma-ray channel number (=2 if ejectile is a g-ray; =3 otherwise)
****************************************************************************************************************
1.0 ! Minimum energy for numerical integration (keV)
8000 ! Number of random samples (>5000 for better statistics)
0 ! =0 for rate output at all temperatures; =NT for rate output at selected temperatures
****************************************************************************************************************
Non-Resonant Contribution
S(keVb) S’(b) S’’(b/keV) fracErr Cutoff Energy (keV)
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
****************************************************************************************************************
Resonant Contribution
Note: G1 = entrance channel, G2 = exit channel, G3 = spectator channel !! Ecm, Exf in (keV); wg, Gx in (eV) !!
Note: if Er<0, theta^2=C2S*theta_sp^2 must be entered instead of entrance channel partial width
Ecm DEcm wg Dwg Jr G1 DG1 L1 G2 DG2 L2 G3 DG3 L3 Exf Int
-303.0 3.0 0 0 1 0.058 0.023 1 5.0e2 2.5e2 1 0.1 0.001 1 0.0 1
-174.0 2.0 0 0 2 0.0138 0.0055 0 5.0e2 2.5e2 2 0.16 0.08 1 0.0 1
5.5 1.0 0 0 4 5.7e-58 2.3e-58 2 1.5 0.6 4 0.13 0.03 1 0.0 1
169.7 0.9 0 0 1 6.1e-5 1.1e-5 1 8.0e3 2.0e3 1 0.33 0.07 1 0.0 1
217.0 1.8 5.4e-5 1.3e-5 0 0 0 0 0 0 0 0 0 0 0.0 0
274.0 0.5 0 0 2 5.6e-2 1.1e-2 0 2.3e3 0.5e3 2 0.1 0.001 1 0.0 1
295.9 0.06 1.03e-2 2.6e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
324.5 0.6 7.16e-2 0.29e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
358.7 0.4 4.1e-3 1.0e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
426.5 1.0 5.7e-3 1.4e-3 0 0 0 0 0 0 0 0 0 0 0.0 0
567.0 0.4 38 3 0 0 0 0 0 0 0 0 0 0 0.0 0
708.1 0.3 7.68e-2 1.9e-2 0 0 0 0 0 0 0 0 0 0 0.0 0
712.8 0.3 7.4 1.3 0 0 0 0 0 0 0 0 0 0 0.0 0
761.9 1.0 3.3 0.5 0 0 0 0 0 0 0 0 0 0 0.0 0
779.1 1.0 1.8 0.3 0 0 0 0 0 0 0 0 0 0 0.0 0
809.8 5.0 0.51 0.10 0 0 0 0 0 0 0 0 0 0 0.0 0
880.7 1.0 63 26 0 0 0 0 0 0 0 0 0 0 0.0 0
968.5 0.4 46 14 0 0 0 0 0 0 0 0 0 0 0.0 0
977.7 0.4 0.21 0.051 0 0 0 0 0 0 0 0 0 0 0.0 0
1046.7 0.7 441 51 0 0 0 0 0 0 0 0 0 0 0.0 0
1085.8 1.0 400 41 0 0 0 0 0 0 0 0 0 0 0.0 0
1115.5 0.5 121 10 0 0 0 0 0 0 0 0 0 0 0.0 0
1154.6 0.5 0.15 0.04 0 0 0 0 0 0 0 0 0 0 0.0 0
1160.0 0.5 9.7 1.0 0 0 0 0 0 0 0 0 0 0 0.0 0
1202.8 0.5 9.2 1.0 0 0 0 0 0 0 0 0 0 0 0.0 0
1229.4 0.4 359 41 0 0 0 0 0 0 0 0 0 0 0.0 0
1263.2 0.15 0.51 0.13 0 0 0 0 0 0 0 0 0 0 0.0 0
1271.6 0.5 36 4 0 0 0 0 0 0 0 0 0 0 0.0 0
1337.6 0.1 0.3 0.08 0 0 0 0 0 0 0 0 0 0 0.0 0
1357.8 0.07 12.5 3.1 0 0 0 0 0 0 0 0 0 0 0.0 0
1396.6 0.4 154 21 0 0 0 0 0 0 0 0 0 0 0.0 0
1446.1 1.0 19.5 4.9 0 0 0 0 0 0 0 0 0 0 0.0 0
1468.3 0.7 0.41 0.10 0 0 0 0 0 0 0 0 0 0 0.0 0
1492.3 0.8 29 7 0 0 0 0 0 0 0 0 0 0 0.0 0
1569.8 1.0 1353 338 0 0 0 0 0 0 0 0 0 0 0.0 0
1641.6 3.0 359 90 0 0 0 0 0 0 0 0 0 0 0.0 0
1653.6 0.6 1.02 0.25 0 0 0 0 0 0 0 0 0 0 0.0 0
1662.9 0.8 2.4 0.6 0 0 0 0 0 0 0 0 0 0 0.0 0
1727.2 0.8 25.6 6.4 0 0 0 0 0 0 0 0 0 0 0.0 0
1732.6 1.2 441 41 0 0 0 0 0 0 0 0 0 0 0.0 0
1754.7 0.8 0.61 0.15 0 0 0 0 0 0 0 0 0 0 0.0 0
1760.9 0.8 7.2 1.8 0 0 0 0 0 0 0 0 0 0 0.0 0
1790.8 0.8 0.31 0.08 0 0 0 0 0 0 0 0 0 0 0.0 0
1850.3 0.8 2.2 0.54 0 0 0 0 0 0 0 0 0 0 0.0 0
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1940.5 1.1 3.4 0.8 0 0 0 0 0 0 0 0 0 0 0.0 0
1985.4 0.9 308 44 0 0 0 0 0 0 0 0 0 0 0.0 0
2032.6 1.0 174 20 0 0 0 0 0 0 0 0 0 0 0.0 0
2079.6 3.0 502 51 0 0 0 0 0 0 0 0 0 0 0.0 0
2193.6 3.0 4817 1024 0 0 0 0 0 0 0 0 0 0 0.0 0
2255.9 3.0 461 51 0 0 0 0 0 0 0 0 0 0 0.0 0
2327.8 3.0 635 61 0 0 0 0 0 0 0 0 0 0 0.0 0
****************************************************************************************************************
Upper Limits of Resonances
Note: enter partial width upper limit by chosing non-zero value for PT, where PT=<theta^2> for particles and...
Note: ...PT=<B> for g-rays [enter: "upper_limit 0.0"]; for each resonance: # upper limits < # open channels!
Ecm DEcm Jr G1 DG1 L1 PT G2 DG2 L2 PT G3 DG3 L3 PT Exf Int
37.1 1.7 0 1.1e-19 0.0 2 0.0045 1.0e4 0.2e4 0 0 0.37 0.06 1 0 0.0 1
138.0 1.5 0 1.72e-8 0.0 2 0.0045 0.016 0.008 1 0 0.3 0.15 1 0 0.0 0
****************************************************************************************************************
Interference between Resonances [numerical integration only]
Note: + for positive, - for negative interference; +- if interference sign is unknown
Ecm DEcm Jr G1 DG1 L1 PT G2 DG2 L2 PT G3 DG3 L3 PT Exf
!+-
0.0 0.0 0.0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0
0.0 0.0 0.0 0.0 0.0 0 0 0.0 0.0 0 0 0.0 0.0 0 0 0.0
****************************************************************************************************************
Reaction Rate and PDF at NT selected temperatures only
Note: default values are used for reaction rate range if Min=Max=0.0
T9 Min Max
0.01 0.0 0.0
0.1 0.0 0.0
****************************************************************************************************************
Comments:
1. For Er=-303.0 and 274.0 keV resonances, value of Gg=0.1+-0.001 eV is assumed (inconsequential).
2. Er=167.3 keV resonance is disregarded; see comments under 23Na(p,g) input.
3. State corresponding to Er=138.0 keV has been observed in 23Na(3He,d) but strength may be caused by non-direct
contribution; direct (p,g) search excludes l=0,1 (s-,p-wave); assume d-wave (Jp=0+) for upper limit. Since
Gg/G=0.95+-0.04, we find with Gg=0.3 eV (approximate average in this Ex range) a value of Ga=0.016 eV; rough
estimate seems appropriate since this is an upper limit resonance.
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B New 23Na + p Reaction Rates
B.1 23Na(p, γ)24Mg Reaction Rates
B.1.1 With ωγ(138 keV) = 2.15 ± 1.29 neV
B.1.2 With ωγul(138 keV) ≤ 5.17 neV
B.2 23Na(p, α)20Ne Reaction Rates
B.2.1 With Γp(138 keV) = 17.2 ± 10.3 neV
B.2.2 With Γp,ul(138 keV) ≤ 41.4 neV
160
Table B.1: Reaction rates of 23Na(p, γ)24Mg, calculated with the code RatesMC, using a
Monte Carlo method. The Ecmr = 138 keV resonance strength of
23Na(p, γ)24Mg is described
by ωγ(138 keV) = 2.15 ± 1.29 neV.
T (GK) Low rate Median rate High rate Lognormal µ Lognormal σ A-D
0.010 8.25×10−33 1.21×10−32 1.78×10−32 -7.349×10+01 3.87×10−01 3.79×10−01
0.011 1.59×10−31 2.32×10−31 3.39×10−31 -7.054×10+01 3.82×10−01 2.75×10−01
0.012 2.15×10−30 3.18×10−30 4.61×10−30 -6.793×10+01 3.83×10−01 5.09×10−01
0.013 2.23×10−29 3.26×10−29 4.75×10−29 -6.559×10+01 3.82×10−01 3.01×10−01
0.014 1.84×10−28 2.68×10−28 3.93×10−28 -6.348×10+01 3.86×10−01 4.80×10−01
0.015 1.22×10−27 1.79×10−27 2.63×10−27 -6.158×10+01 3.87×10−01 2.12×10−01
0.016 7.17×10−27 1.04×10−26 1.52×10−26 -5.982×10+01 3.82×10−01 3.05×10−01
0.018 1.58×10−25 2.30×10−25 3.37×10−25 -5.673×10+01 3.83×10−01 2.05×10−01
0.020 2.27×10−24 3.29×10−24 4.84×10−24 -5.407×10+01 3.83×10−01 4.01×10−01
0.025 4.66×10−22 6.85×10−22 9.96×10−22 -4.874×10+01 3.80×10−01 4.32×10−01
0.030 2.73×10−20 3.97×10−20 5.81×10−20 -4.467×10+01 3.81×10−01 2.76×10−01
0.040 1.02×10−17 1.49×10−17 2.18×10−17 -3.874×10+01 3.78×10−01 3.63×10−01
0.050 9.88×10−16 1.37×10−15 1.93×10−15 -3.422×10+01 3.38×10−01 4.15×10−01
0.060 5.22×10−14 7.89×10−14 1.24×10−13 -3.015×10+01 4.36×10−01 8.02×10+00
0.070 1.37×10−12 2.23×10−12 3.75×10−12 -2.681×10+01 5.01×10−01 4.95×10+00
0.080 2.04×10−11 3.25×10−11 5.37×10−11 -2.413×10+01 4.79×10−01 7.63×10+00
0.090 2.54×10−10 3.52×10−10 5.18×10−10 -2.174×10+01 3.61×10−01 1.77×10+01
0.100 3.09×10−09 3.89×10−09 4.98×10−09 -1.936×10+01 2.45×10−01 4.62×10+00
0.110 3.25×10−08 3.95×10−08 4.84×10−08 -1.704×10+01 2.02×10−01 2.17×10+00
0.120 2.73×10−07 3.26×10−07 3.92×10−07 -1.493×10+01 1.83×10−01 2.44×10+00
0.130 1.78×10−06 2.10×10−06 2.49×10−06 -1.307×10+01 1.70×10−01 1.16×10+00
0.140 9.19×10−06 1.08×10−05 1.27×10−05 -1.144×10+01 1.62×10−01 4.63×10−01
0.150 3.87×10−05 4.53×10−05 5.31×10−05 -1.000×10+01 1.58×10−01 2.86×10−01
0.160 1.38×10−04 1.61×10−04 1.88×10−04 -8.734×10+00 1.58×10−01 2.90×10−01
0.180 1.15×10−03 1.35×10−03 1.58×10−03 -6.610×10+00 1.59×10−01 4.85×10−01
0.200 6.28×10−03 7.37×10−03 8.69×10−03 -4.908×10+00 1.62×10−01 5.80×10−01
0.250 1.31×10−01 1.55×10−01 1.83×10−01 -1.864×10+00 1.68×10−01 6.24×10−01
0.300 9.63×10−01 1.14×10+00 1.35×10+00 1.305×10−01 1.70×10−01 5.90×10−01
0.350 3.88×10+00 4.59×10+00 5.45×10+00 1.525×10+00 1.72×10−01 5.66×10−01
0.400 1.08×10+01 1.28×10+01 1.52×10+01 2.547×10+00 1.72×10−01 5.61×10−01
0.450 2.35×10+01 2.78×10+01 3.30×10+01 3.325×10+00 1.72×10−01 5.74×10−01
0.500 4.32×10+01 5.11×10+01 6.06×10+01 3.935×10+00 1.71×10−01 6.11×10−01
0.600 1.06×10+02 1.25×10+02 1.47×10+02 4.828×10+00 1.67×10−01 7.67×10−01
0.700 1.99×10+02 2.33×10+02 2.74×10+02 5.453×10+00 1.61×10−01 1.06×10+00
0.800 3.20×10+02 3.72×10+02 4.34×10+02 5.921×10+00 1.53×10−01 1.55×10+00
0.900 4.69×10+02 5.40×10+02 6.23×10+02 6.294×10+00 1.43×10−01 2.23×10+00
1.000 6.46×10+02 7.34×10+02 8.39×10+02 6.603×10+00 1.32×10−01 2.98×10+00
1.250 1.22×10+03 1.35×10+03 1.50×10+03 7.210×10+00 1.06×10−01 4.19×10+00
1.500 1.98×10+03 2.15×10+03 2.35×10+03 7.677×10+00 8.68×10−02 3.84×10+00
1.750 2.93×10+03 3.15×10+03 3.40×10+03 8.058×10+00 7.41×10−02 2.99×10+00
2.000 4.07×10+03 4.34×10+03 4.64×10+03 8.376×10+00 6.65×10−02 2.38×10+00
2.500 6.74×10+03 7.14×10+03 7.58×10+03 8.875×10+00 5.96×10−02 1.71×10+00
3.000 9.69×10+03 1.02×10+04 1.09×10+04 9.236×10+00 5.78×10−02 1.35×10+00
3.500 1.26×10+04 1.34×10+04 1.42×10+04 9.501×10+00 5.78×10−02 1.32×10+00
4.000 1.53×10+04 1.62×10+04 1.72×10+04 9.697×10+00 5.84×10−02 1.18×10+00
5.000 1.98×10+04 2.09×10+04 2.22×10+04 9.951×10+00 5.98×10−02 1.05×10+00
6.000 2.27×10+04 2.41×10+04 2.57×10+04 1.009×10+01 6.09×10−02 9.29×10−01
7.000 2.45×10+04 2.60×10+04 2.77×10+04 1.017×10+01 6.17×10−02 8.54×10−01
8.000 2.54×10+04 2.70×10+04 2.88×10+04 1.020×10+01 6.22×10−02 8.52×10−01
9.000 2.57×10+04 2.73×10+04 2.91×10+04 1.022×10+01 6.25×10−02 8.71×10−01
10.000 2.56×10+04 2.72×10+04 2.90×10+04 1.021×10+01 6.28×10−02 8.70×10−01
161
Table B.2: Reaction rates of 23Na(p, γ)24Mg, calculated with the code RatesMC, using a
Monte Carlo method. The Ecmr = 138 keV resonance strength of
23Na(p, γ)24Mg is represented
by an upper limit, ωγul(138 keV) ≤ 5.17 neV.
T (GK) Low rate Median rate High rate Lognormal µ Lognormal σ A-D
0.010 8.30×10−33 1.22×10−32 1.80×10−32 -7.348×10+01 3.86×10−01 1.87×10−01
0.011 1.59×10−31 2.33×10−31 3.40×10−31 -7.054×10+01 3.85×10−01 2.68×10−01
0.012 2.18×10−30 3.17×10−30 4.71×10−30 -6.792×10+01 3.85×10−01 8.53×10−01
0.013 2.27×10−29 3.33×10−29 4.87×10−29 -6.558×10+01 3.80×10−01 6.99×10−01
0.014 1.84×10−28 2.69×10−28 3.96×10−28 -6.348×10+01 3.90×10−01 2.05×10−01
0.015 1.25×10−27 1.83×10−27 2.67×10−27 -6.157×10+01 3.85×10−01 1.27×10−01
0.016 7.07×10−27 1.03×10−26 1.53×10−26 -5.983×10+01 3.86×10−01 1.57×10−01
0.018 1.57×10−25 2.30×10−25 3.37×10−25 -5.673×10+01 3.79×10−01 5.45×10−01
0.020 2.23×10−24 3.29×10−24 4.82×10−24 -5.407×10+01 3.84×10−01 2.77×10−01
0.025 4.71×10−22 6.84×10−22 9.92×10−22 -4.873×10+01 3.80×10−01 4.17×10−01
0.030 2.67×10−20 3.97×10−20 5.83×10−20 -4.467×10+01 3.91×10−01 2.21×10−01
0.040 1.02×10−17 1.49×10−17 2.19×10−17 -3.874×10+01 3.81×10−01 3.54×10−01
0.050 8.58×10−16 1.29×10−15 1.85×10−15 -3.430×10+01 3.80×10−01 6.99×10+00
0.060 2.85×10−14 6.01×10−14 1.25×10−13 -3.046×10+01 6.60×10−01 5.02×10+01
0.070 4.97×10−13 1.56×10−12 3.87×10−12 -2.727×10+01 8.93×10−01 9.30×10+01
0.080 7.81×10−12 2.29×10−11 5.61×10−11 -2.457×10+01 8.45×10−01 1.04×10+02
0.090 1.57×10−10 2.79×10−10 5.37×10−10 -2.198×10+01 5.39×10−01 6.26×10+01
0.100 2.64×10−09 3.60×10−09 4.92×10−09 -1.944×10+01 2.97×10−01 1.01×10+01
0.110 3.11×10−08 3.84×10−08 4.78×10−08 -1.707×10+01 2.15×10−01 7.71×10−01
0.120 2.68×10−07 3.22×10−07 3.90×10−07 -1.494×10+01 1.87×10−01 2.21×10+00
0.130 1.77×10−06 2.09×10−06 2.49×10−06 -1.307×10+01 1.71×10−01 7.79×10−01
0.140 9.16×10−06 1.08×10−05 1.27×10−05 -1.144×10+01 1.62×10−01 3.95×10−01
0.150 3.87×10−05 4.54×10−05 5.32×10−05 -1.000×10+01 1.59×10−01 4.34×10−01
0.160 1.38×10−04 1.61×10−04 1.89×10−04 -8.733×10+00 1.58×10−01 5.06×10−01
0.180 1.15×10−03 1.35×10−03 1.58×10−03 -6.609×10+00 1.60×10−01 5.47×10−01
0.200 6.27×10−03 7.40×10−03 8.69×10−03 -4.907×10+00 1.64×10−01 4.86×10−01
0.250 1.31×10−01 1.55×10−01 1.83×10−01 -1.863×10+00 1.70×10−01 4.55×10−01
0.300 9.61×10−01 1.14×10+00 1.35×10+00 1.309×10−01 1.73×10−01 5.01×10−01
0.350 3.87×10+00 4.60×10+00 5.46×10+00 1.525×10+00 1.74×10−01 5.25×10−01
0.400 1.08×10+01 1.28×10+01 1.52×10+01 2.548×10+00 1.75×10−01 5.34×10−01
0.450 2.34×10+01 2.79×10+01 3.30×10+01 3.326×10+00 1.74×10−01 5.25×10−01
0.500 4.31×10+01 5.13×10+01 6.07×10+01 3.935×10+00 1.74×10−01 5.00×10−01
0.600 1.06×10+02 1.25×10+02 1.48×10+02 4.828×10+00 1.70×10−01 4.18×10−01
0.700 1.98×10+02 2.34×10+02 2.74×10+02 5.453×10+00 1.64×10−01 3.39×10−01
0.800 3.20×10+02 3.73×10+02 4.35×10+02 5.921×10+00 1.55×10−01 3.36×10−01
0.900 4.68×10+02 5.41×10+02 6.24×10+02 6.294×10+00 1.45×10−01 4.45×10−01
1.000 6.45×10+02 7.36×10+02 8.42×10+02 6.603×10+00 1.34×10−01 6.71×10−01
1.250 1.22×10+03 1.35×10+03 1.51×10+03 7.210×10+00 1.07×10−01 1.59×10+00
1.500 1.98×10+03 2.15×10+03 2.36×10+03 7.677×10+00 8.76×10−02 1.92×10+00
1.750 2.93×10+03 3.15×10+03 3.40×10+03 8.058×10+00 7.47×10−02 1.36×10+00
2.000 4.06×10+03 4.34×10+03 4.64×10+03 8.376×10+00 6.69×10−02 1.09×10+00
2.500 6.73×10+03 7.15×10+03 7.59×10+03 8.875×10+00 6.01×10−02 5.68×10−01
3.000 9.68×10+03 1.03×10+04 1.09×10+04 9.237×10+00 5.84×10−02 3.36×10−01
3.500 1.26×10+04 1.34×10+04 1.42×10+04 9.501×10+00 5.86×10−02 3.42×10−01
4.000 1.53×10+04 1.63×10+04 1.73×10+04 9.697×10+00 5.92×10−02 3.23×10−01
5.000 1.97×10+04 2.10×10+04 2.23×10+04 9.951×10+00 6.07×10−02 2.99×10−01
6.000 2.27×10+04 2.41×10+04 2.57×10+04 1.009×10+01 6.18×10−02 3.13×10−01
7.000 2.45×10+04 2.60×10+04 2.77×10+04 1.017×10+01 6.26×10−02 3.29×10−01
8.000 2.54×10+04 2.70×10+04 2.88×10+04 1.020×10+01 6.31×10−02 3.61×10−01
9.000 2.57×10+04 2.73×10+04 2.91×10+04 1.022×10+01 6.35×10−02 3.93×10−01
10.000 2.55×10+04 2.72×10+04 2.90×10+04 1.021×10+01 6.37×10−02 4.23×10−01
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Table B.3: Reaction rates of 23Na(p, α)20Ne, calculated with the code RatesMC, using a
Monte Carlo method. The Ecmr = 138 keV resonance of
23Na(p, α)20Ne is described by
Γp(138 keV) = 17.2± 10.3 neV, J = 0, and lp = 2.
T (GK) Low rate Median rate High rate Lognormal µ Lognormal σ A-D
0.010 1.37×10−30 1.89×10−30 2.65×10−30 -6.843×10+01 3.35×10−01 5.26×10+00
0.011 2.70×10−29 3.78×10−29 5.30×10−29 -6.544×10+01 3.36×10−01 2.30×10+00
0.012 3.78×10−28 5.35×10−28 7.49×10−28 -6.279×10+01 3.39×10−01 1.49×10+00
0.013 3.99×10−27 5.68×10−27 7.97×10−27 -6.043×10+01 3.41×10−01 1.91×10+00
0.014 3.32×10−26 4.75×10−26 6.64×10−26 -5.831×10+01 3.41×10−01 2.38×10+00
0.015 2.27×10−25 3.24×10−25 4.51×10−25 -5.640×10+01 3.39×10−01 2.41×10+00
0.016 1.31×10−24 1.85×10−24 2.57×10−24 -5.465×10+01 3.34×10−01 2.02×10+00
0.018 2.90×10−23 4.01×10−23 5.49×10−23 -5.157×10+01 3.22×10−01 1.41×10+00
0.020 4.15×10−22 5.60×10−22 7.62×10−22 -4.893×10+01 3.09×10−01 2.85×10+00
0.025 8.54×10−20 1.12×10−19 1.50×10−19 -4.363×10+01 2.89×10−01 1.05×10+01
0.030 5.10×10−18 6.59×10−18 8.75×10−18 -3.955×10+01 2.78×10−01 1.19×10+01
0.040 2.16×10−15 2.75×10−15 3.58×10−15 -3.352×10+01 2.58×10−01 7.04×10+00
0.050 1.81×10−13 2.27×10−13 2.91×10−13 -2.911×10+01 2.40×10−01 3.03×10+00
0.060 7.09×10−12 8.69×10−12 1.09×10−11 -2.546×10+01 2.14×10−01 1.67×10+00
0.070 2.00×10−10 2.41×10−10 2.91×10−10 -2.214×10+01 1.87×10−01 7.65×10−01
0.080 3.63×10−09 4.33×10−09 5.17×10−09 -1.926×10+01 1.78×10−01 5.36×10−01
0.090 3.95×10−08 4.71×10−08 5.62×10−08 -1.687×10+01 1.76×10−01 5.74×10−01
0.100 2.81×10−07 3.34×10−07 3.99×10−07 -1.491×10+01 1.74×10−01 6.15×10−01
0.110 1.45×10−06 1.71×10−06 2.03×10−06 -1.328×10+01 1.69×10−01 7.77×10−01
0.120 5.87×10−06 6.87×10−06 8.09×10−06 -1.189×10+01 1.61×10−01 1.10×10+00
0.130 2.02×10−05 2.33×10−05 2.71×10−05 -1.067×10+01 1.50×10−01 1.45×10+00
0.140 6.13×10−05 7.00×10−05 8.05×10−05 -9.565×10+00 1.36×10−01 1.34×10+00
0.150 1.70×10−04 1.93×10−04 2.19×10−04 -8.551×10+00 1.26×10−01 8.07×10−01
0.160 4.41×10−04 4.96×10−04 5.60×10−04 -7.607×10+00 1.21×10−01 6.77×10−01
0.180 2.41×10−03 2.72×10−03 3.09×10−03 -5.906×10+00 1.25×10−01 1.23×10+00
0.200 1.03×10−02 1.17×10−02 1.34×10−02 -4.443×10+00 1.34×10−01 1.68×10+00
0.250 1.65×10−01 1.88×10−01 2.17×10−01 -1.665×10+00 1.38×10−01 2.02×10+00
0.300 1.11×10+00 1.26×10+00 1.44×10+00 2.345×10−01 1.31×10−01 2.46×10+00
0.350 4.46×10+00 5.00×10+00 5.67×10+00 1.615×10+00 1.20×10−01 3.22×10+00
0.400 1.34×10+01 1.48×10+01 1.65×10+01 2.699×10+00 1.05×10−01 4.25×10+00
0.450 3.43×10+01 3.72×10+01 4.07×10+01 3.621×10+00 8.73×10−02 4.58×10+00
0.500 7.95×10+01 8.53×10+01 9.17×10+01 4.447×10+00 7.22×10−02 2.99×10+00
0.600 3.36×10+02 3.57×10+02 3.80×10+02 5.879×10+00 6.10×10−02 6.45×10−01
0.700 1.06×10+03 1.13×10+03 1.20×10+03 7.031×10+00 6.30×10−02 3.49×10−01
0.800 2.64×10+03 2.82×10+03 3.01×10+03 7.944×10+00 6.51×10−02 3.61×10−01
0.900 5.50×10+03 5.88×10+03 6.26×10+03 8.678×10+00 6.52×10−02 3.72×10−01
1.000 1.01×10+04 1.08×10+04 1.15×10+04 9.284×10+00 6.40×10−02 3.90×10−01
1.250 3.24×10+04 3.43×10+04 3.64×10+04 1.044×10+01 5.91×10−02 7.70×10−01
1.500 7.67×10+04 8.09×10+04 8.55×10+04 1.130×10+01 5.54×10−02 2.17×10+00
1.750 1.50×10+05 1.58×10+05 1.67×10+05 1.197×10+01 5.34×10−02 3.66×10+00
2.000 2.58×10+05 2.71×10+05 2.85×10+05 1.251×10+01 5.22×10−02 4.31×10+00
2.500 5.76×10+05 6.06×10+05 6.36×10+05 1.331×10+01 5.07×10−02 3.42×10+00
3.000 1.01×10+06 1.06×10+06 1.12×10+06 1.388×10+01 5.03×10−02 2.29×10+00
3.500 1.53×10+06 1.61×10+06 1.69×10+06 1.429×10+01 5.09×10−02 1.89×10+00
4.000 2.09×10+06 2.20×10+06 2.32×10+06 1.461×10+01 5.22×10−02 1.94×10+00
5.000 3.24×10+06 3.42×10+06 3.62×10+06 1.505×10+01 5.62×10−02 2.25×10+00
6.000 4.28×10+06 4.54×10+06 4.83×10+06 1.533×10+01 6.06×10−02 2.80×10+00
7.000 5.15×10+06 5.47×10+06 5.85×10+06 1.552×10+01 6.46×10−02 3.45×10+00
8.000 5.82×10+06 6.21×10+06 6.66×10+06 1.564×10+01 6.80×10−02 3.92×10+00
9.000 6.32×10+06 6.76×10+06 7.28×10+06 1.573×10+01 7.09×10−02 4.34×10+00
10.000 6.68×10+06 7.16×10+06 7.73×10+06 1.579×10+01 7.34×10−02 4.66×10+00
163
Table B.4: Reaction rates of 23Na(p, α)20Ne calculated with RatesMC, using a Monte Carlo
method. The Ecmr = 138 keV resonance of
23Na(p, α)20Ne is represented by Γp,ul(138 keV)
≤ 41.4 neV, J = 0, and lp = 2.
T (GK) Low rate Median rate High rate Lognormal µ Lognormal σ A-D
0.010 1.36×10−30 1.87×10−30 2.61×10−30 -6.844×10+01 3.33×10−01 5.91×10+00
0.011 2.70×10−29 3.74×10−29 5.21×10−29 -6.545×10+01 3.34×10−01 2.82×10+00
0.012 3.79×10−28 5.28×10−28 7.37×10−28 -6.280×10+01 3.37×10−01 1.40×10+00
0.013 3.99×10−27 5.60×10−27 7.83×10−27 -6.044×10+01 3.39×10−01 1.22×10+00
0.014 3.32×10−26 4.68×10−26 6.55×10−26 -5.832×10+01 3.39×10−01 1.41×10+00
0.015 2.27×10−25 3.19×10−25 4.45×10−25 -5.640×10+01 3.36×10−01 1.45×10+00
0.016 1.31×10−24 1.83×10−24 2.54×10−24 -5.466×10+01 3.31×10−01 1.29×10+00
0.018 2.90×10−23 3.96×10−23 5.41×10−23 -5.158×10+01 3.18×10−01 1.46×10+00
0.020 4.14×10−22 5.55×10−22 7.49×10−22 -4.894×10+01 3.05×10−01 3.47×10+00
0.025 8.54×10−20 1.11×10−19 1.47×10−19 -4.363×10+01 2.84×10−01 1.17×10+01
0.030 5.10×10−18 6.54×10−18 8.61×10−18 -3.955×10+01 2.73×10−01 1.36×10+01
0.040 2.16×10−15 2.73×10−15 3.53×10−15 -3.352×10+01 2.53×10−01 8.60×10+00
0.050 1.80×10−13 2.26×10−13 2.86×10−13 -2.911×10+01 2.36×10−01 3.45×10+00
0.060 7.06×10−12 8.68×10−12 1.07×10−11 -2.547×10+01 2.11×10−01 1.33×10+00
0.070 2.00×10−10 2.41×10−10 2.88×10−10 -2.215×10+01 1.84×10−01 6.53×10−01
0.080 3.63×10−09 4.34×10−09 5.14×10−09 -1.926×10+01 1.76×10−01 5.75×10−01
0.090 3.97×10−08 4.72×10−08 5.59×10−08 -1.687×10+01 1.73×10−01 5.75×10−01
0.100 2.83×10−07 3.35×10−07 3.96×10−07 -1.491×10+01 1.71×10−01 5.50×10−01
0.110 1.45×10−06 1.71×10−06 2.02×10−06 -1.328×10+01 1.67×10−01 4.57×10−01
0.120 5.89×10−06 6.88×10−06 8.06×10−06 -1.189×10+01 1.59×10−01 3.37×10−01
0.130 2.02×10−05 2.34×10−05 2.70×10−05 -1.067×10+01 1.48×10−01 3.47×10−01
0.140 6.15×10−05 7.02×10−05 8.01×10−05 -9.565×10+00 1.35×10−01 3.57×10−01
0.150 1.71×10−04 1.93×10−04 2.19×10−04 -8.551×10+00 1.24×10−01 1.76×10−01
0.160 4.42×10−04 4.96×10−04 5.60×10−04 -7.607×10+00 1.19×10−01 2.13×10−01
0.180 2.41×10−03 2.72×10−03 3.08×10−03 -5.905×10+00 1.24×10−01 10.00×10−01
0.200 1.03×10−02 1.17×10−02 1.34×10−02 -4.442×10+00 1.32×10−01 1.86×10+00
0.250 1.65×10−01 1.89×10−01 2.17×10−01 -1.664×10+00 1.36×10−01 2.06×10+00
0.300 1.11×10+00 1.26×10+00 1.44×10+00 2.353×10−01 1.30×10−01 2.20×10+00
0.350 4.46×10+00 5.01×10+00 5.67×10+00 1.615×10+00 1.19×10−01 2.71×10+00
0.400 1.34×10+01 1.48×10+01 1.65×10+01 2.699×10+00 1.04×10−01 3.57×10+00
0.450 3.43×10+01 3.72×10+01 4.08×10+01 3.621×10+00 8.63×10−02 4.18×10+00
0.500 7.96×10+01 8.52×10+01 9.17×10+01 4.447×10+00 7.15×10−02 3.11×10+00
0.600 3.37×10+02 3.57×10+02 3.79×10+02 5.879×10+00 6.10×10−02 3.83×10−01
0.700 1.06×10+03 1.13×10+03 1.20×10+03 7.030×10+00 6.33×10−02 3.15×10−01
0.800 2.64×10+03 2.82×10+03 3.00×10+03 7.944×10+00 6.55×10−02 3.02×10−01
0.900 5.50×10+03 5.87×10+03 6.26×10+03 8.678×10+00 6.56×10−02 2.82×10−01
1.000 1.01×10+04 1.08×10+04 1.15×10+04 9.283×10+00 6.44×10−02 3.10×10−01
1.250 3.23×10+04 3.43×10+04 3.63×10+04 1.044×10+01 5.94×10−02 8.26×10−01
1.500 7.66×10+04 8.08×10+04 8.55×10+04 1.130×10+01 5.54×10−02 2.36×10+00
1.750 1.50×10+05 1.58×10+05 1.67×10+05 1.197×10+01 5.32×10−02 3.98×10+00
2.000 2.58×10+05 2.71×10+05 2.86×10+05 1.251×10+01 5.19×10−02 4.37×10+00
2.500 5.76×10+05 6.05×10+05 6.36×10+05 1.331×10+01 5.03×10−02 2.98×10+00
3.000 1.01×10+06 1.06×10+06 1.12×10+06 1.388×10+01 4.98×10−02 2.04×10+00
3.500 1.53×10+06 1.61×10+06 1.69×10+06 1.429×10+01 5.04×10−02 1.91×10+00
4.000 2.09×10+06 2.20×10+06 2.32×10+06 1.461×10+01 5.17×10−02 2.01×10+00
5.000 3.24×10+06 3.42×10+06 3.61×10+06 1.505×10+01 5.57×10−02 2.62×10+00
6.000 4.28×10+06 4.53×10+06 4.81×10+06 1.533×10+01 6.00×10−02 3.26×10+00
7.000 5.14×10+06 5.47×10+06 5.83×10+06 1.552×10+01 6.40×10−02 3.88×10+00
8.000 5.81×10+06 6.21×10+06 6.64×10+06 1.564×10+01 6.75×10−02 4.39×10+00
9.000 6.32×10+06 6.76×10+06 7.26×10+06 1.573×10+01 7.04×10−02 4.77×10+00
10.000 6.67×10+06 7.16×10+06 7.71×10+06 1.579×10+01 7.28×10−02 5.01×10+00
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